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»

5.  INTRODUCTION

Breast cancer is a complex disease whose ultimate understanding will require the
integration of facts resulting from a multidisciplinary approach. Continued basic science
research will provide a fuller understanding of the basic mechanisms of breast cancer that is
necessary to conquer the disease in humans. In order to have the scientific human
armamentarium to further this understanding, this training grant focuses on producing qualified
scientists for careers as independent investigators in the area of breast cancer. The rationale for a
targeted training grant in breast cancer is based on the belief that the elucidation of how
oncogenes, tumor suppressor genes, hormones and growth factors act at the molecular level and
as developmental-specific agents are critical questions directly relevant to the etiology,
prevention, diagnosis, treatment and prognosis of human breast cancer. The training program
has drawn together individuals who have an established research and training background in the
mammary gland with individuals who have a research and training background in cell biology,
molecular endocrinology, molecular biology, molecular virology, viral oncology, molecular
genetics and biochemistry. The strength of the program is two-fold. First, the program gathers
together members of diverse disciplines to focus on the training of predoctoral and postdoctoral
students for careers in an area that, by its biological nature, is multi-disciplinary. Second, the
program introduces new intellectual approaches and insights to the problem of breast cancer that
will be continued by the next generation of research scientists.

The design of the training program provides for trainees to be exposed to clinical
problems and recent advances as well as the multi-disciplinary approaches to answering
fundamental questions related to breast cancer research. The familiarity and close proximity of
the training faculty facilitates and encourages the development of a new generation of research
scientists who will be able to understand the problem of breast cancer at a more complex level
and from a multi-disciplinary orientation.
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6. BODY OF PROPOSAL

a. Trainees

The goal of this training program is to provide an environment for training in breast
cancer research. To foster this goal, candidate graduate students have to meet a minimum set of
requirements. Graduate students have to be at least in their second year of graduate school and
have selected a thesis problem focusing on an aspect of mammary gland growth, differentiation
and/or cancer. These students are supported for two years by the training program provided they
maintain satisfactory progress in their research program and they participate in the weekly
“Breast” seminar and attend the course “Molecular Carcinogenesis”. The two postdoctoral
fellows are supported by the training program for two to three years provided they maintain
satisfactory progress in their research project and actively participate in the weekly “Breast”
seminar. The six fellows from the grant year 1999-2000, their departmental affiliation, mentor,
research problem and an Abstract of their research is provided below.

b. Research Projects

1) Andrew Dennis, Department of Molecular and Cellular Biology; Mentor, Bert W.
O’Malley, M.D., Professor and Chairman; “Characterization of human Uba3: a
novel type of nuclear hormone receptor coactivator.”

ABSTRACT

The estrogen and progesterone steroids are important factors that influence cell
growth and mammary gland development by binding to, and activating their cognate receptors,
the estrogen and progesterone receptor (ER and PR), respectively. Coactivator proteins enhance
the transcriptional activation of ligand-activated receptors several fold by acting as molecular
bridges and/or chromatin remodeling enzymes. Ubiquitin-activating enzyme 3 (Uba3) is a
hormone-dependent PR interacting protein identified originally by the yeast 2-hybrid system.
Experiments were designed to determine whether or not Uba3 could serve as coactivator of
nuclear hormone receptors, including PR. Using transient transfection assays in HeLa cells,
Uba3 coactivated several steroid receptors including ERa, PR-B, glucocorticoid receptor (GR),
and androgen receptor (AR), and the non-steroid receptors thyroid receptor (TRB) and retinoic
acid receptor (RARa). Significantly, coactivation of ERa and PR-B was more pronounced than
the other steroid/non-steroid receptors, suggesting that Uba3 exhibits higher specificity to
modulate activation of these receptors. Since coactivators can stimulate ligand-activated
receptor-dependent transcription several fold, it is thought that these proteins need to be in
limited cellular concentrations. Activation of both ERa and PR-B by their cognate ligands
titrates or squelches away the intracellular availability of coactivators, lowering potential
coactivation. Addition or exogenous Uba3 relieves this “squelching” effect between ligand-
activated ERo and PR-B, indicating that Uba3 is a limiting factor. In vitro GST-pulldown assays
were performed to study whether PR-B and Uba3 directly interact with each other. These studies
are currently ongoing, however, hPR-B does bind to GSTUBAZ3, suggesting a direct interaction
between these two proteins. Uba3 functions as an E1 (ubiquitin-activating enzyme) with another
protein called APP-BP1. Mammalian expression vectors encoding the cDNA of APP-BP1 have
been generated to test if APP-BP1 has an effect on the coactivation of PR. Uba3 is being
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purified in an attempt to generate polyclonal rabbit antibodies to Uba3. Several serum samples
are being used to establish optimal conditions. Once the use of these antibodies are optimized,
Uba3 content in various breast cancer cell lines will be analyzed by Western blot at the protein
level and RNase protection assay on the RNA level.

2) Yue He, Department of Molecular and Human Genetics; Mentor, Allan Bradley,
Ph.D., Professor; “Tissue specific chromosome deletion: an irn vivo genetic screen
for tumor suppressor gene in mammary gland.”

ABSTRACT

Breast cancer is the second most common leading cause of cancer death. A
genetic contribution of breast cancer risk is indicated by the increased incidence among women
with a family history of breast cancer, and by the observation of those rare families in which
multiple family members are affected with breast cancer. Currently, although several genetic
mutations have been identified as the cause of inherited cancer risk of many cancer-prone
families, they comprise no more than 5% to 10% of breast cancer cases overall. Genes that are
mutated in sporadic breast cancers are still largely unknown.

A novel genetic screen is being used to identify tumor suppressor genes mutated
in sporadic breast cancer. This genetic screen utilizes the current chromosomal engineering
technology in mouse, combined with the mammary gland specific expression of Cre to delete a
defined region of the chromosome in mouse mammary epithelial cells in vivo. The Cre induced
chromosomal deletion events will render cells functionally haploid for the deleted region, which
should not have any functional consequence as somatic cells have higher tolerance towards
larger chromosomal deficiency than embryos. A second mutation then can be introduced into
the mammary epithelial cells with retrovirus infection. Mouse mammary tumor virus (MMTV)
was chosen as the insertional mutagen since MMTYV replicates in the mammary epithelial cells
and randomly integrates into the genome. If adequate insertional events are screened, many
mutations will be located in the haploid region and few of them will inactivate certain tumor
suppressor genes located in this haploid region. Loss of both copies of tumor suppression gene,
one by chromosomal deletion and another by insertional mutagenesis will render cells
nullizygous for the gene, and accelerate clonal expansion and tumor progression process,
eventually lead to the tumor formation in the mammary gland. The mutated tumor suppressor
genes can then be identified by the tagged MMTYV provirus. The identification of tumor
suppressor genes, which are significant mutation targets in sporadic breast cancer will not only
provide deeper insight into the neoplastic development in mammary gland, but will also provide
useful information to clinically improve the diagnoses and treatment of breast cancer.

Three specific aims are being pursued in this project. Aim 1 is to generate several
“pre-deletion” mouse lines. “Pre-deletion” chromosome carries two loxP sites in cis orientation.
Mouse chromosome 11 was chosen as the target chromosome due to its homology to human
chromosome 17, which is believed to contain several tumor suppressor genes based on its LOH
data. The available “pre-deletion” line in the lab carries the two loxP sites between the
D11Mit142 and E2DH locus, which are 34.1cM apart. Aim2 is to generate and characterize
mammary gland specific Cre lines. One Cre line is driven by MMTV-LTR and in another line
Cre is under the promoter of beta-casein. Currently, the Cre expression is being characterized by
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crossing the Cre lines to rosa26 Reporter mice and subsequently studying the lacZ expression in
the double transgenic mice. Aim3 is to examine MMTV mutagenesis in the double transgenic
mouse carrying both “pre-deletion” chromosome and mammary gland specific Cre transgene.

3) Amy Tabor, Department of Molecular and Human Genetics; Mentor, Sharon
Plon, M.D., Ph.D., Assistant Professor; “Targets for ATM protein kinase.”

ABSTRACT

This project focuses on identifying novel targets of the ATM protein kinase.
Women who are heterozygous for mutations in ATM have an increased risk of developing breast
cancer. Therefore, increased knowledge of the ATM pathway will facilitate understanding
mammary tumorigenesis. Two experimental methods were used to achieve this goal: the first
included a two-hybrid screen using the kinase domain portion of ATM and a human ¢cDNA
library as the target. A large scale screen of this library identified three potential targets. Further
analysis of these targets revealed that they did not encode authentic targets of ATM. The second
approach was to look for interaction with specific candidate targets. The possibility that the
human homolog of Rad21 might be an ATM target was examined. Rad21 in lower eukaryotes is
required for the response to DNA damage and chromosome segregation during normal cell
cycles. A variety of experiments were performed to determine the expression of Rad21 in both
wild-type and ATM deficient cell lines and changes in expression or phosphorylation of Rad21
in these cell lines after exposure to a variety of DNA damaging agents. Human Rad21 appears to
encode variable isoforms in different cell lines but there was no correlation of a specific isoform
with ATM status.

4) Yue Wei, Department of Biochemistry; Mentor, Wade Harper, Ph.D., Professor;
“Interactions of cyclin E, BRCA2 and NPAT in mammary cancer.”

ABSTRACT

Cyclin E/CDK2 is the primary CDK complex regulating the onset of DNA
replication in mammalian cells. It plays an important role in neoplasia. Also, overexpression of
cyclin E is implicated in facilitating breast cancer progression. Various substances including
proteins produced by oncogenic viruses affect cyclin E. To further elucidate the mechanism
about how cyclin E/CDK2 regulates cell cycle, and how it is related to tumorigenesis and
progression, we used the method of expression cloning to reveal a series of cyclin E/CDK2
interacting proteins. BRCA2 and NPAT are two of them that are of most interest. Human Brca2
is a tumor suppresser gene. Inherited mutations of BRCA2 and BRCA1 genes are found in about
half of the familial breast cancer patients. Evidence suggests that Brcal and Brca2 proteins have
common biological functions, especially in DNA damage repair and cell cycle regulation. Brecal
is phosphorylated in response to DNA damage and cell cycle progression, especially by cyclin
dependent kinase 2 (CDK2). Brca2 may also undergo hyperphosphorylation in part through
CDK2. Indeed, there are potential RXL motifs and CDK phosphorylation sites in the C-terminal
half of Brca2. A current goal is to test if cyclin E/CDK2 dependent phosphorylation of Brca2
plays a role in regulating DNA damage checkpoint in cell cycle. Aim 1 is to find out if Brca2
protein is phosphorylated by CDK2; if so, which part of Brca2 is phosphorylated. Aim 2 is to
find out if the phosphorylation of Brca2 by CDK2 is RXL motif dependent. Aim 3 is to identify
the phosphorylation sites on Brca2 by CDK2.
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Progress in these aims include the following: A series of recombinant flag-
tagged/GST-fused Brca2 fragments (N:1-1173, M:927-2612, C2:2184-2985, C1:2951-3418)
have been expressed and purified from insect cell expression system; fragment N, C2 and C1 of
Brca2 was found phosphorylated by cyclin E/CDK2 and cyclin A/CDK2 in vitro;
phosphorylation of fragment C1 by CDK2 was reduced by an E2F peptide with RXL motif.
Besides Brca2, the NPAT gene, which encodes a novel cell cycle regulating protein, has been
studied. NPAT protein interacts with cyclin E and is phosphorylated by cyclin E/CDK2. It has
been localized in cell cycle regulated nuclear foci. Preliminary data suggest that NPAT may play
a role in histone gene transcription.

5) Geetika Chakravarty, Ph.D., Department of Molecular and Cellular Biology;
Mentor, Jeffrey Rosen, Ph.D., Professor; “p190B in mammary development and
cancer.”

ABSTRACT

In addition to systemic hormones, local growth factors, stroma and the
extracellular matrix (ECM), the ECM-signaling proteins also play a critical role in tissue
remodeling during mammary gland development. Since p190-B has been shown to be directly
involved in the regulation of the actin cytoskeleton, and, therefore, may influence mammary
morphogenesis, the overall objective of this fellowship was to elucidate the role of p190-B
during mammary gland development and in breast cancer.

In previous studies, p190-B has been shown to localize to focal adhesion plaques
upon integrin clustering. Of additional interest is the report in which the activation of the B1-

integrin signaling was shown to stimulate tyrosine phosphorylation of p190RhoGAP and
membrane-protrusive activities in invadopodia in melanoma cells. The biochemical activities of
Rho-GTPases are thus crucial for modulating cytoskeletal architecture.  p190-B is
developmentally regulated during mammary development and interestingly was found to be
overexpressed in a subset of murine mammary tumors by Northern blot analysis. Thus, p190-B
may play a role in cell motility and in the invasion of TEB into the surrounding stroma and its
aberrant expression may occur in rodent mammary tumors. In order to help elucidate the
function of p190-B during virgin mammary development its pattern of expression in adult virgin
mammary gland tissue was examined by in situ hybridization. The p190-B ¢cDNA was linearized
to generate an 800 — 900bp **P-labeled antisense riboprobe. >*P-labeled probes exhibited less
background than **S-probes, and were also of higher specific activity, which was necessary to
detect rare transcripts. Since mammary gland stroma is known to give rise to considerable
nonspecific background, the results were further confirmed by competing the **P labeled
riboprobes with increasing concentration of unlabeled probe. In agreement with previous results,
p190-B expression was highest in the highly proliferative outer layer of cells lining the TEB
suggesting it may facilitate invasion of the TEB into the fat pad during ductal morphogenesis.
Stroma, ducts and alveolar buds were all shown to express p190-B but at much reduced levels.

In order to better understand how pl90-B may be implicated in signaling
pathways regulating cell transformation and/or invasion, p190-B was transiently transfected into
MCF-10A human mammary epithelial cells using an efficient adenovirus-mediated transfection
protocol. The function of p190-B was assessed initially by analyzing actin stress fiber
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organization in these cells grown on coverslips using FITC-Phalloidin staining. Eighty-four
percent of pl90-B-transfected cells exhibited a significantly reduced actin stress fiber network as
compared to only 9% of the non-transfected cells. The staining pattern in the p190-B expressing
cells was circumfrential as opposed to the fine overall network of actin stress fibers observed in
non-transfected cells. In addition, the majority of p190-B-transfected cells exhibited a tendency
to detach from the MCF-10A cell clusters, and remained as single, isolated cells (60%) or in
pairs detached from the cell monolayer. p190-B expression in these transfected cells appeared
punctate in the cytoplasm, and was not localized at focal adhesions as might be expected if these
cells had been grown on an extracellular matrix. These studies suggest that p190-B over-
expression results in disruption of the actin cytoskeleton, which may in turn make the cells less
adherent, an important step in cell migration and invasion. Studies are in progress to use high
titer retroviral vectors to introduce p190-B into MCF10A cells followed by measurement of their
invasive potential using modified Boyden chamber assay. Three different types of high titer
viruses are being tested to see which one of these transduces human MCF10A cells most
efficiently.

In order to further define the biological function of pl190-B in vivo and to
investigate the potential consequence of ablating this gene on mammary development, a
conditional knockout of the gene has been proposed. Although a genomic clone was available
from Dr. Yamada, it did not contain sufficient 3’ sequences to engineer the loxP sites for site-
specific recombination. A 129SV/EV library was, therefore, successfully screened to obtain
clones containing additional 3’ sequence.

6) Xianshu Cui, Ph.D., Department of Molecular Virology and Microbiology;
Mentor, Larry Donehower, Ph.D., Associate Professor; “Interactions of wnt-1 and
tumor-suppressor genes.”

ABSTRACT

The main goal of this research is to examine interactions of wnt-1 with tumor
suppressor genes using transgenic/knockout mouse models and elucidate critical genes involved
in these bigenic crosses. Three models are being examined. By crossing the wnt-1 transgenic
mice to the p53 deficient mice, a mammary gland tumor model was established. Comparing the
tumorigenesis of wnt-1 mice deficient of p53 to those retain wild type p53, a few biological
differences were observed such as tumor growth and cell proliferation rate, and histopathology of
tumor cells. To understand the molecular basis of the biological findings, the present study
searches for genes that are differentially expressed in mammary gland tumor cells of Wnt-1 mice
with different status of p53. With the methods of differential display and gene expression array,
a dozen genes were identified. Ten of those differentially expressed genes were confirmed with
either northern analysis or ribonuclease protection assay. Eight of the genes are higher expressed
in p53 +/+ tumors, which include alpha-smooth muscle actin, kappa casein, Aldolase C,
cytokeratin 19, KET, C-kit, p21 and Cyclin G1. Two genes were found higher expressed in p53-
/- tumors that are Cyclin B1 and FGFR1iiib.

Chkl gene is a DNA damage responsive gene primarily found in yeast. Chkl

gene has been implicated in cell cycle checkpoint control in lower eykaryotes. Dr. Elledge’s Lab
initiated the study for Chkl gene function in mammals by setting up a mouse model with
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targeted disruption of Chk-1. The results show that Chk-1 is essential for peri-implantation
embryonic development; is required for cell cycle arrest at G2-M phase; is downstream of Atr in
the DNA damage response. No enhancement of tumor growth is observed for Chkl
heterozygous mice up to 18 months old. Chkl-deficient mice were crossed with wnt-1
transgenic mice. Chkl +/- mice developed mammary gland tumors earlier (5 weeks) than
Chk1+/+ mice without accelerating the tumor growth rate. All of 9 tested Chkl +/- tumors
retained their wild allele of Chkl1.

Brca-2 tumor suppressive function in human breast cancer is well established.
Earlier study showed that Brca-2 null is lethal for mouse embryo development. Brca-2
heterozygous mouse did not show differences for tumor development compared to Brca-2 wild
type mice. We crossed Brca-2 deficient mice with Wnt-1 transgenic mice. The results showed
no differences between Brca-2 +/- and Brca-2 +/+ mice for both mammary gland tumor
development and tumor growth rate.

c. Enhancement Programs

Three education programs specific for this training program were functional over the past
year. The weekly “Breast” seminar included faculty and trainees. The schedule for the seminar
series is shown in Table 1. Drs. Gould and Thorpe were invited speakers sponsored by the
Baylor Breast Spore.

The second education enhancement program is the Invited Speakers program. This
program allows both the faculty and fellows supported by the program to interact with the
invited speaker. The two speakers were Dr. Kay-Uwe Wagner who spoke on the subject of
conditional BRCA1 mouse model and Dr. John Wysolmerski who spoke on the subject of role of
parathyroid hormone-related protein and mammary development.

The third education enhancement program is the course in “Molecular Carcinogenesis”,
which is given every Winter bloc and each predoctoral trainee is required to pass. This course is
organized by Dr. Larry Donehower and the teaching faculty include Drs. Medina, Harper,
Donehower and Butel.

d. Trainee Review

With respect to trainee review, there were two turnovers for the new year. Andrew
Dennis was awarded an individual predoctoral fellowship from the USAMRC Breast Cancer
Training Program. Amy Tabor finished her course work and received a MS degree and departed
Baylor College of Medicine to pursue other opportunities. The prospective trainees to fill the
two vacated positions were nominated by letter and supporting documentation, reviewed by a
subcommittee of the participating training faculty and the successful applicants notified by letter
that their respective fellowships would start July 1, 2000.
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e. Reportable Outcomes

Two of the predoctoral trainees, Andrew Dennis and Yue Wei, attended national
meetings. Andrew Dennis attended the 82" Annual Meeting of the Endocrine Society and
presented a poster entitled, “Characterization of Human UBA3: A Novel Type of Nuclear
Hormone Receptor Coactivator.” Yue Wei attended The Cold Spring Harbor Laboratory
meeting entitled, “The Cell Cycle.” Dr. Chakravarty’s paper on “p190-B, a Rho-GTPase
activating protein, is differentially expressed in terminal end buds and breast cancer” was
accepted for publication in the journal Cell Growth and Differentiation. Dr. Cui was a co-author
on the paper entitled, “Chk1 is an essential kinase that is regulated by ar and required for the
G9(2)M DNA damage checkpoint,” in the journal Genes and Development 14:1448-1459, 2000.

7.  CONCLUSIONS

The training program in breast cancer is functioning as planned and major alterations are
not planned at this time. The only minor change instituted for the forthcoming year is to include
some faculty from the Baylor Breast Care Center as participating faculty, thus enabling these
faculty to have students supported by the training grant. The inclusion of some of these faculty
is a logical extension of their participation in our weekly Breast seminar and provides an
important element in the total educational and training components of our program.

8. APPENDICES

a. Liu, Q., Guntuku, S., Cui, X.S., Matsuoka, S., Cortez, D., Tamai, K., Luo, G., Carattini-
Rivera, S., DeMayo, F., Bradley, A., Donehower, L.A., and Elledge, S.J. Chkl is an
essential kinase that is regulated by afr and required for the G(2)/M DNA damage
checkpoint. Genes and Development 14:1448-1459, 2000.

b. Chakravarty, G., Roy, D., Gonzales, M., Gay, J., Contreras, A., and Rosen, J.M. p190-B,

a Rho-GTPase-activating protein, is differentially expressed in terminal end buds and
breast cancer. Cell Growth & Differentiation 11:0000-0000, 2000 (in press).
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Table 1. Breast Seminar
Wednesdays 12:00 p.m., Room M616 (Debakey Bldg.)

September 15, 1999 — June 16, 2000

DATE NAME TITLE DEPARTMENT
9/15 Kent C. Osborne, Ph.D. Professor Medicine
9/22 Jeffrey M. Rosen, Ph.D. Professor Molecular & Cellular Biology
9/29 D. Craig Allred, M.D. Professor Pathology
10/6 Larry Donehower, Ph.D. Assoc. Professor Molecular Virology
10/13 Gary M. Clark, Ph.D. Professor Medicine
10/20 Ming Zhang, Ph.D. Asst. Professor Molecular & Cellular Biology
10/27 Susan Hilsenbeck, Ph.D. Assoc. Professor Medicine
11/03 Sharon E.Plon, M.D., Ph.D Asst. Professor Pediatric Hem/Onc & Genetics
11/10 Powell H. Brown, Ph.D. Assoc. Professor Medicine
11/17 J. Wade Harper, Ph.D. Professor Biochemistry
11/24 HOLIDAY
12/01 Peter O’Connell, Ph.D. Professor Molecular & Cellular Biology
12/08 RESCHEDULED
12/15 Kay-Uwe Wagner, Ph.D. Invited Speaker National Cancer Institute

12/22 - 01/05 | HOLIDAY WEEKS

01/12 Daniel Medina, Ph.D.-cancelled Professor Molecular & Cellular Biology
01/19 Rafael E. Herrera, Ph.D.-cancelled Asst. Professor Medicine
01/26 Allan Bradley, Ph.D. Professor Molecular Genetics
02/02 Richard Elledge, M.D. Assoc. Professor Medicine
02/09 Adrian Lee, Ph.D. Asst. Professor Medicine
02/16 John Wysolmerski, M.D. Invited Speaker Yale University
02/23 Steffi Oesterreich, Ph.D. Asst. Professor Medicine
03/01 Suzanne Fuqua, Ph.D. Professor Medicine
03/08 Raghu Sinha, Ph.D. Asst. Professor Molecular & Cellular Biology
03/15 Sophia Tsai, Ph.D. Professor Molecular & Cellular Biology
03/22 RESCHEDULED
03/29 Peter M. Haney, M.D., Ph.D. Asst. Professor Pediatric-Neonatology
04/05 OFF - AACR
04/12 Thenaa K. Said, Ph.D. Asst. Professor Molecular & Cellular Biology
04/19 HOLIDAY WEEK
04/26 Lakshmi Sivaraman, Ph.D. Instructor Molecular & Cellular Biology
05/03 Torsten A. Hopp, Ph.D. - cancelled Instructor Medicine
05/10 Michael N. Gould, Ph.D. Invited Speaker University of Wisconsin
05/17 Philip E. Thorpe, Ph.D. Invited Speaker UT Southwestern Med. School
06/16 James D. Marks, M.D., Ph.D. Invited Speaker Univ. of Calif., San Francisco
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the G,/M DNA damage checkpoint
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Katsuyuki Tamai,” Guangbin Luo,'® Sandra Carattini-Rivera,’ Francisco DeMayo,®
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Chk1, an evolutionarily conserved protein kinase, has been implicated in cell cycle checkpoint control in
lower eukaryotes. By gene disruption, we show that CHK1 deficiency results in a severe proliferation defect
and death in embryonic stem (ES) cells, and peri-implantation embryonic lethality in mice. Through analysis
of a conditional CHK1-deficient cell line, we demonstrate that ES cells lacking Chk1 have a defective G,/M
DNA damage checkpoint in response to vy-irradiation (IR). CHK1 heterozygosity modestly enhances the
tumorigenesis phenotype of WNT-1 transgenic mice. We show that in human cells, Chk1 is phosphorylated
on serine 345 (S345) in response to UV, IR, and hydroxyurea (HU). Overexpression of wild-type Atr enhances,
whereas overexpression of the kinase-defective mutant Atr inhibits $345 phosphorylation of Chkl induced by
UV treatment. Taken together, these data indicate that Chkl plays an essential role in the mammalian DNA

damage checkpoint, embryonic development, and tumor suppression, and that Atr regulates Chk1.

[Key Words: Atr; Atm; Chkl; embryonic lethality; DNA damage; checkpoint]
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The ability of organisms to sense and respond to DNA
damage is critical for their long-term survival. Conse-
quently, cells have evolved an elaborate DNA damage
response pathway that senses aberrant DNA structures
and transmits a damage signal to effectors that act to
enhance survival of the organism (Elledge 1996). Activa-
tion of the DNA damage response pathway results in
transcriptional induction of genes involved in DNA re-
pair, activation of DNA repair pathways, and arrest of
cell cycle progression. In metazoans, cells experiencing
DNA damage may also undergo apoptotic cell death,
thereby preventing these cells from possibly contribut-
ing to tumorigenesis or other diseases. Because many
genes involved in the regulation of DNA damage re-
sponses were originally identified based on their ability
to control cell cycle progression, the DNA damage re-
sponse pathway is also often referred to as the DNA
damage checkpoint pathway.

The mammalian DNA damage response pathway con-
sists of several families of conserved protein kinases.
Two members of the phosphoinositol kinase {PIK) fam-
ily, Atm and Atr, are at the top of this signal transduc-
tion cascade. Although related, Atm and Atr form two

8Corresponding author.
E-MAIL selledge®bcm.tme.edu; FAX (713) 798-8717.

distinct subfamilies in evolution. Atm is more closely
related to Tell in Saccharomyces cerevisiae and Schizo-
saccharomyces pombe, whereas Atr (Cimprich et al.
1996; Keegan et al. 1996} is more closely related to Mecl
in S. cerevisiae, Rad3 in S. pombe, and Mei-41 in Dro-
sophila melanogaster (for review, see Elledge 1996). The
ATM gene is mutated in the familial neural degeneration
and cancer-predisposition syndrome ataxia telangiecta-
sia {Savitsky et al. 1995). ATM deficient mice are viable,
but show growth retardation, infertility, and cancer pre-
disposition {Barlow et al. 1996; Xu et al. 1996). ATM
mutant cells are defective for DNA damage checkpoints
and are very sensitive to agents that cause double-
stranded DNA breaks, such as y-irradiation (IR). Like
ATM mutant cells, yeast tell mutants have short telo-
meres, but they have intact cell cycle checkpoints and
display only limited sensitivity to DNA-damaging
agents. Less is known about Atr due to a lack of ATR
mutant cells. However, overexpression of a kinase-defec-
tive Atr mutant abrogates cell cycle arrest after DNA
damage, revealing a role in DNA damage checkpoints
[Cliby et al. 1998; Wright et al. 1998). ATR disruption in
mice results in peri-implantation embryonic lethality
and fragmented chromosomes (Brown and Baltimore
2000). In D. melanogaster, mei-41 mutant embryos can-
not properly lengthen the cell cycle at the midblastula
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transition and this leads to embryonic lethality (Sibon et
al. 1999).

Downstream of Atm and Atr are two families of pro-
tein kinases, Chkl and Chk2. The Chk2 family consists
of Rad53 in S. cerevisiae and Cdsl in S. pombe {for re-
view, see Elledge 1996), and Chk2/Cdsl in mouse and
human (Matsuoka et al. 1998; Blasina et al. 1999; Brown
et al. 1999; Chaturvedi et al. 1999). The Chk2 family
kinases can be activated by DNA damage or replication
blocks and this activation requires upstream PIK mem-
bers in their respective species (Sanchez et al. 1996; Sun
et al. 1996; Boddy et al. 1998; Lindsay et al. 1998}. Chk2
is involved in DNA damage checkpoints because Chk2-
deficient embryonic stem (ES) cells fail to maintain G,
arrest after DNA damage (Hirao et al. 2000). CHK2/-
thymocytes are resistant to IR-induced apoptosis and fail
to stabilize and activate p53 in response to IR (Chehab et
al. 2000; Hirao et al. 2000).

The Chk1 kinase family consists of Chk1 in S. pombe
{Walworth et al. 1993; Al-Kohairy et al. 1994), S. cerevi-
siae (Sanchez et al. 1999), and Xenopus laevis (Rumagai
et al. 1998) and grapes in D. melanogaster (Fogarty et al.
1997; Sibon et al. 1997; Su et al. 1999). In S. cerevisiae,
Chkl1 controls the pre-anaphase arrest after DNA dam-
age by preventing degradation of Pdsl, an inhibitor of
anaphase entry (Sanchez et al. ¥999). In S. pombe and
Xenopus, Chkl is required for the G, arrest induced by
DNA damage, and in Xenopus for the prophase I arrest of
oocytes (Nakajo et al. 1999). In S. pombe, Chk1 is phos-
phorylated in response to DNA damage in a Rad3-depen-
dent manner and this is accompanied by an increase in
14-3-3 protein association {Walworth and Benards 1996;
Chen et al. 1999). In D. melanogaster, grapes mutants
display an embryonic lethal phenotype similar to that of
mei-41 mutants. Although the phenotype of mei-41 and
grapes mutants is complex, at least part of the defects is
likely to be attributed to premature entry of mitosis.

Less is known about Chkl function in mammals. In
human cells, Chk! is shown to be phosphorylated in
response to IR and thus, is implicated in the DNA dam-
age response pathway (Sanchez et al. 1997). Because
yeast and human Chkl can phosphorylate Cdc25C in
vitro on the inhibitory phosphorylation site $216, Chkl
may function as an effector of the DNA damage check-
point that activate G, arrest by inhibiting Cdc2 kinase
activities through Cdc25C. It is currently unclear, how-
ever, which PIK members are the regulators of Chkl in
mammalian cells. Thus, we generated a CHK1 knockout
mouse and subsequently, a conditional CHK1-deficient
ES cell line. Qur results indicate that Chkl is regulated
by Atr and plays a crucial role in the G,/M DNA damage
checkpoints, embryonic development, and tumor sup-
pression. A model concerning the mammalian DNA
damage response pathway will also be discussed.

Results

Generation of a Chkl knockout mouse

We disrupted the CHK1I gene in murine ES cells by gene
targeting. The targeting vector consists of a neo marker

Chk1 is an essential checkpoint gene in mammals

for positive selection flanked by 1.9 kb and 4.5 kb of
CHK1 homologous sequences, and a TK marker for nega-
tive selection (Fig. 1A). Homologous recombination with
this targeting vector removes 3 kb of CHKI genomic
sequence, including exons 2-5 that encode the putative
first methionine, the “GxGxxG” ATP-binding motif and
half of the kinase domain. Thus, it is likely to generate a
null allele. Eight Chk1 heterozygous ES clones were ob-
tained from screening 192 G418- and FIAU-resistant
colonies (Fig. 1B). Four independent cell lines were in-
jected to generate chimeras, of which three produced
germ-line transmission. The phenotype, as described be-
low, was consistent among all different lines.

Chk1 deficiency results in peri-implantation lethality

CHK]1 heterozygous mice are healthy, fertile, and tumor-
free up to 1.5 years of age. However, when the heterozy-
gous mice were intercrossed, no CHKI homozygous
mice were detected among 139 offspring, indicating that
Chk1 deficiency results in embryonic lethality. System-
atic analysis of embryonic day 6.5 (E6.5)-E15.5 embryos
generated from heterozygotes matings failed to detect
CHK]1 null embryos at any sfige examined {data not
shown). Empty decidua and remains of resorbed embryos
were often observed at E6.5 or E7.5 in heterozygotes in-
tercross, but were rarely seen in backcross between het-
erozygous and wild-type mice (Fig. 1C; data not shown).
These results suggest that the lethality of CHK1 null
embryos may occur before E6.5.

Therefore, we isolated and cultured blastocysts from
intercrossed CHK1 heterozygous females at E3.5. PCR
genotyping of newly isolated blastocysts revealed that
the fraction of CHK1 null embryos was always between
one-seventh and one-sixth, well below the predicted one-
quarter Mendelian ratio. And these null embryos often
displayed abnormal morphology distinctive from their
wild-type or heterozygous littermates (data not shown).
When these blastocysts were cultured in vitro up to 7
days, the majority would continue to proliferate, hatch
from the zona pellucida on the first or second day in
culture, and immediately attach or “implant” to the
Petri dish surface {Fig. 2A). The trophoectoderm of blas-
tocysts spread into a single cell layer and divided a few
times before terminally differentiating into giant tropho-
blast cells. Above the trophoblast cells lay the inner cell
mass (ICM), which continued to proliferate to generate a
large cell mass. These proliferating blastocysts, by geno-
typing, consisted of only wild type and heterozygotes
with a 1:2 ratio. In contrast, a small group of blastocysts
would stop proliferation, fail to hatch, and degenerate
inside the zona pellucida (Fig. 2A). These nonprolifera-
tive blastocysts were presumably the missing homozy-
gous mutant embryos, however, their genotype could
not be confirmed by PCR due to massive DNA fragmen-
tation during embryo degeneration. Three mutant blas-
tocysts hatched on the third or fourth day in culture,
laying down a few trophoblast cells but no ICM. We
obtained the genotype of two of these embryos and both
were CHK17/-. These results suggested that CHK17/~
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Figure 1. CHK1 disruption results in early em-
bryonic lethality. (A} Disruption of the CHK1 gene
in ES cells. {a) Chkl protein structure. Located at b
the amino terminus are the “GxGxxG” ATP-bind-
ing motif and kinase domain. (b} Restriction map
of the wild-type CHK1I locus including exons 2-7
and location of the 3’ external and 5' internal ¢
probes used for Southern blots shown below. (¢}
Restriction map of the neo targeting vector. The
direction of transcription is shown by arrows be-
neath the neo and TK markers. (pBS) pBluescript d
plasmid. (d) Predicted restriction map of the tar-
geted CHK1 allele. Only relevant restriction sites
are shown. {Nc) Ncol; (Nd) Ndel; (Rv) EcoRV. (B)
Identification of CHKI*/~ ES clones by Southern
blot analysis. {a) Genomic DNA was digested with
Ncol and EcoRV and probed with the 3’ external
probe. Genotypes are shown above each lane.
CHK1*/~ ES clones showed a 10.5-kb wild-type and
a 6.5-kb mutant band as predicted. (b) Genomic
DNA was digested with Ndel and probed with the
5’ internal probe. CHKI*/~ ES clones displayed a
9.5-kb wild-type and a 7.0-kb mutant band. (c)
CHK]1 genotyping by PCR. The wild-type and mu-
tant CHK1 alleles generate a 282-bp and a 572-bp
band, respectively. (C} Morphological and histo-
logical analysis of E7.5 embryos isolated from C
CHK1*/- intercrosses. A typical photograph is
shown for normal (a,c) and mutant (b,d) E7.5 em-
bryos freshly dissected from decidua (a,b} or hema-
toxylin and eosin-stained sections of E7.5 decidua

(c,d).

blastocysts have a proliferation defect and that Chkl
may be required for proliferation or survival of early em-
bryonic cells.

Because less than one-quarter of blastocysts were ho-
mozygotes and they often displayed abnormal morphol-
ogy, we examined eight-cell morula isolated from inter-
crossed CHK1*/~ females at E2.5. PCR genotyping re-
vealed the predicted 1:2:1 ratio of CHKI1*/*:CHK1*/~:
CHK17/- embryos at the eight-cell stage (Fig. 2C; data
not shown}. When these morula were cultured in vitro, it
was found that CHK1~/~ embryos developed normally
until the early blastocyst stage; however, unlike the
wild-type and heterozygous littermates, they failed to
continue proliferation or hatch and subsequently degen-
erated inside the zona pellucida (Fig. 2B). These in vitro
embryo culture experiments suggest that Chkl defi-
ciency results in peri-implantation embryonic lethality.

CHK1 deficient embryos die of p53-independent
apoptosis

To determine whether CHKI-deficient embryos were
dying of apoptosis, we isolated eight-cell morula at E2.5
and allowed them to develop in vitro into early stage
blastocysts. We then used these blastocysts to perform
terminal deoxynucleotide end-labeling {TUNEL) assays
that fluorescently labels the ends of fragmented DNA, a
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hallmark of apoptotic cells. Although wild-type and het-
erozygous littermates normally showed two to four fluo-
rescent dots, CHK1 homozygous blastocysts displayed
many fluorescent dots, indicative of massive apoptosis
(Fig. 2D). To further confirm the TUNEL results, we
stained these embryos with 4,6-diamidino-2-phenylin-
dole (DAPI) and observed them under the confocal mi-
croscope. Indeed, many cells in CHK1™/~ embryos had
condensed and fragmented nuclei that is characteristic of
apoptosis (Fig. 2E). These results suggest that CHKI-de-
ficient embryos die of apoptosis at the blastocyst stage.

To determine whether p53 is responsible for the apop-
tosis observed in blastocysts, we mated p53~/~ CHK1*/~
male and female mice, which is expected to generate
p53~/~ mice with CHK1*/*, CHK1*/~, and CHK1/~ ge-
notype with a 1:2:1 ratio. Eight-cell morula were isolated
from these intercrosses at E2.5, cultured for 2 days and
picked for the TUNEL assay. The p53 null mutations
could neither rescue nor delay the early lethality of
CHK1"/- embryos (data not shown). Furthermore,
CHK1~/~ p53~/- blastocysts underwent apoptosis to the
same degree as CHK 17/~ blastocysts, suggesting that the
apoptosis is independent of p53.

Chk1 is essential for ES cell viability

To investigate the function of Chk1 at the cellular level,
we attempted to generate CHK1~/~ ES cells by sequential
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gene targeting. A second targeting vector containing the
hprt marker was constructed and used to transfect
CHK1*/- ES cells, in which one CHK1 allele was dis-
rupted previously by neo. When selected for both mark-
ers, no targeting event could be obtained from 384 G418/
HAT/FIAU-resistant colonies. When selected only for
hprt, 18 targeted clones were obtained after screening
351 HAT/FIAU-resistant colonies and in all cases the
hprt construct had replaced the neo-disrupted mutant
allele instead of the wild-type gene (data not shown).
These results suggest that Chkl is probably essential for
proliferation or survival of ES cells.

Therefore, we constructed conditional CHK-deficient
ES cells by flanking the second exon of one CHK1 allele
with JoxP sites and disrupting the other by gene targeting
(Fig. 3A,B). This lox-flanked (flox] CHK1 allele can be
converted into a null allele after excision of exon 2 by
Cre-lox site-specific recombination because it contains
the translational initiation sequence and encodes the
ATP-binding site for the kinase. When three indepen-
dent CHK1%°*/~ cell lines were transfected transiently
with a CMV:Cre plasmid, no excised clones were de-
tected by Southern blot analysis among total of ~400 ES
colonies (data not shown). However, when a control

Chk1 is an essential checkpoint gene in mammals

Figure 2. In vitro culture of preimplantation
embryos. (A) In vitro culture of blastocysts iso-
lated from CHK1*/~ intercrosses. A typical im-
age at day 0 and day 3 are shown along with the
percentage of each category. {TE) Trophoecto-
derm; {ICM| inner cell mass. All images are 320x
except when otherwise indicated. (B} In vitro
culture of eight-cell morula. Shown here are a
litter of 10 embryos isolated from a CHKI*/-
intercross. The images were captured at 6, 30,
and 45 hr in culture (100x except when other-
wise indicated). The asterisks indicate the
empty zona pellucida after the embryos have
hatched. The embryos were individually picked
and labeled 1-10. Embryos 1, 2, 3, and 10 failed
to hatch. {C) PCR genotyping of embryos from
B. The lane numbers correspond to that of the

Normal embryos. Embryo 6 was lost during transfer and

(+/+, +/-) embryo 3 was too degenerate to give any prod-
ucts. {WT) Wild type; (MT) mutant. The asterisk

indicates a nonspecific band generated by prim-

ers alone. (D) TUNEL analysis of blastocysts de-

Mutant rived as described in B (100x). (E) Confocal im-

ages (DAPI, 1000x) of blastocysts analyzed in D.

(-/) The arrows indicate condensed and fragmented

nuclei.

CHK1%°%/* cell line was transfected with CMV:Cre, 28%
(25 of 88) of the colonies underwent 100% excision,
whereas an additional 10% (9 of 88) underwent partial or
postmitotic excision, generating chimeric colonies (data
not shown|. These results confirm our prediction that
excision of exon 2 from the CHK1 gene generates a null
allele, and are consistent with the previous finding that
Chk1 plays an essential role in ES cells. Furthermore, the
lack of chimeric excised colonies for Cre-transfected
CHK1%°%/~ cells suggests that the defects associated
with CHK17/~ cells are cell-autonomous and cannot be
rescued by mixing with wild-type cells.

The absence of CHK1~/~ colonies could theoretically
be explained by an inability of the CHK1%°*/~ cells to
excise or by cell death after the excision. To distinguish
these two possibilities, we transfected both CHK1%x/+
and CHK 1%/~ ES cells with a PGK:Cre plasmid by elec-
troporation and harvested cells after 24, 48, 72, and 96 hr.
Southern blot analysis revealed that CHK11°*/~ cells un-
derwent excision as efficiently as CHK11°%/* cells {Fig.
3C, cf. lanes 2,3 with lanes 6,7). The excised and nonex-
cised cells were represented by the 7.5-kb and 5.1-kb
band, respectively. Judging by their relative intensities,
we estimated that ~60%-70% of cells underwent flox
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Figure 3. Construction and analysis of a con-

ditional CHK1-deficient ES cell line. (A} Re-

striction maps of targeting vectors and targeted

alleles. (a) hprt targeted allele; (b) hprt target-

ing vector; {c]) wild-type CHK! locus; (d} flox A

targeting vector; (e} flox™*°-targeted allele; (f)

flox allele generated after neo excision; (g) flox Ne
A allele generated after excision of exon 2. 4
Only relevant restriction sites are shown. {Nc)
Ncol; (Nd) Ndel; (Rv) EcoRV. {B} A schematic Ne

Ng ——t 10.5 kb —teNd h

B

Ne¢ 6.0 kb — Ry

hprt allele

AN
floxneo/+ THENETGEGEF floxne
——wt

Nd

representation of the construction of condi- bpmwn'ﬁ bprt construct ‘ Cre
tional CHKI-deficient ES cells. In brief, a D NC e 10.5 kb ot R
CHK]1 flox™°/+ cell line was first obtained us- Nd =05k —=iNd — € flox
ing the flox-targeting vector followed by the € T s flox/+ T T

S probe ~. ¥ probe wt
Cre-loxP-mediated neov excision to create Lo :
CHK1"%/* cells. The remaining wild-type il flox comstruct § cohBitce
gene was then disrupted in the CHK1%9%/+ cells
by the hprt targeting vector to generate Ne Rv ——— 885 — Ry XN
CHK 1flex/~ cells. Finally, CHK119%/~ cells were Nd = 7.0 kb Nd , flox/- — 4B o
conditionally converted into CHK17/~ cells by € - . ——{hprt}—— hprt
excision of exon 2 by transient transfection of toxPfoxf  loxb (ox"€ atiele
PGK:Cre. (C) A Southern blot showing exci- Ne Ry e g4b wnme- R¥ . Cre
sion of the flox allele in CHK1%°*/* and Nd==5.1 kb Nd '
CHK 1%/~ cells. Both are sister cell lines ob- (oxP _ toxP flox ullele - —¢f8—flxa
tained from the same screen for generating ar - . ——{hprt}—— hprt
CHK1%°%/- cells. The asterisk refers to a band N \g o 7.5 kb e Nt ‘
produced by random integration of the hprt gipl g pypoet@mg flox A altele
construct in the CHK1f°*/* cells. Genomic loxP
DNA was prepared from untransfected (lanes
1,6) or Cre-transfected cells (lanes 2-5 and D flox/- flox/+
7-10) collected at 24, 48, 72, and 96 hr after
electroporation, digested with Ndel and EcoRV flox/- flox/+

and probed with the 5’ internal probe. A refers

to the excised flox allele. The faint wild-type kb
band present in lanes 2-4 was contributed by

the feeder cells. (D) Comparison of Cre-trans- 10.§
fected CHK1%°*/* and CHK1%°%/- cells by 9.8
FACS {DNA content) analysis. Cells were har- 7.5
vested at 24, 48, and 72 hr after electroporation
and stained with propidium iodide {PI). The ar-
row indicates cells with less than 2N DNA i
content that were present in the 72-hr flox/~ 12
sample.

excision in both cell lines by 48 hr after Cre transfection
(Fig. 3C, lanes 3,8). However, although the excised flox/+
cells divided as fast as the nonexcised cells, the excised
flox/- cells disappeared from the culture between 72 and
96 hr (Fig. 3C, cf. lanes 4,5 and lanes 9,10). Analysis of
DNA content by FACS revealed a significant sub-G,
population, which is characteristic of apoptotic cells, in
the Cre-transfected CHK1f°%/~ cells at 72 hr after trans-
fection {Fig. 3D}. These results indicate that CHKI~/~
cells have a severe proliferation defect accompanied by
apoptotic death.

CHKI1"/~ cells are defective for the G,/M DNA
damage checkpoint

IR induces a predominant G, arrest in mouse ES cells
(Aladjem et al. 1998; Hirao et al. 2000). To determine
whether Chk1 is required for this G, arrest, we subjected
CHK1%x/~ ES cells to 10 Gy of IR at 24 hr after trans-
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fection with a PGK:Cre or a CMV:GFP plasmid. Twelve
hours after irradiation, ~70%-80% of all cell types ar-
rested at G, with a 4N DNA content, as measured by
FACS analysis {Fig. 4A). However, at later time points
the G,-arrested population of CHK1%°%/~ cells declined,
whereas the G,-S population increased to 43.7% (18 hr)
and 53.9% (24 hr), as more cells were converted to
CHK1-/~ cells Fig. 4A). In contrast, all the control cells
remained predominantly arrested at G,. These results
suggest that CHK17/~ cells may lack a functional G,/M
DNA damage checkpoint.

To determine whether CHK1~/~ cells enter mitosis in
the presence of DNA damage, we took advantage of the
fact that mouse ES cells have a functional spindle check-
point {Hirao et al. 2000). Cells were irradiated as de-
scribed above and immediately placed in media contain-
ing nocodazole that will disrupt spindles and trigger a
mitotic arrest. Twelve hours after IR and nocodazole
treatment, 90% of all cell types arrested with a 4N DNA
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“‘ Figure 4. CHKI™/~ cells are defective for
GI-S 332G 353 G1-S $39) G1S 423 the G,/M DNA damage checkpoint. {A)
G2 668(G2 647Gz 41| G2 517 FACS (DNA content) analysis of irradiated
24 h | GEP- or Cre-transfected CHK1*/*, CHK 1%/,
‘ and CHK1%ox/~ cells. Twenty-four hours af-
J M___A__ ter transfection, cells were subjected to 10
WT flox/+ flox/- flox/- WT flox/+ flox/- flox/- Gy IR, harvested at 0, 12, 18, and 24 hr and
(Cre) (Cre) (Cre) (Gfp) (Cre) (Cre) (Cre) (Gfp) stained with PI. The percentage of G,-S and
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® (6(flox/)Cre O £5 (flox/-)! portion| is shown above each FACS sample.
WT (Cre) flox/+ (Cre) A {7 (flox/+¥Cre A n(noxl+)/c<}3?;: {B) FACS {DNA content) analysis of IR and
@ wi(++)Cre nocodazole-treated cells. Cells of the indi-
cated genotypes were transfected and irradi-
ated as in A and incubated in nocodazole (0.2
pg/ml) containing media 30 min after irra-
diation. {C) Images (1000x) of the DAPI-
stained 12-hr samples in B. Arrows indicate
mitotic cells with condensed chromosomes
flox/ (Gfp) flox/ (Cre) and no nuclear membrane. {D) A mitotic in-
dex graph of IR and nocodazole-treated cells
described in B and C. Cells {250-300} were

counted for each sample. GFP or Cre trans-
fections are indicated by open or closed
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content as measured by FACS analysis (Fig. 4B). How-
ever, 40%—45% of Cre-transfected CHK1°*/~ cells en-
tered mitosis, in contrast to only 5%-8% of mitotic cells
in GFP-transfected CHK1%%/~ cells or Cre-transfected
CHK1*'* and CHK1%9*/* control cells (Fig. 4C,D). Be-
cause 60%-70% of CHK1f°%/~ cells are converted into
CHK17/- cells after PGK:Cre transfection, we estimate
that at least 60% of CHK17/~ cells prematurely enter
mitosis in spite of DNA damage. Thus, Chkl is a bona
fide component of the mammalian G,/M DNA damage
checkpoint. Furthermore, in response to DNA damage,
the rapid kinetics and degree of inappropriate mitotic
entry for CHK17/~ cells suggest that Chkl is required for
the initiation of G, arrest in response to DNA damage.

CHKI heterozygosity modestly enhances
tumorigenesis of WNT-1 transgenic mice

Examination of CHK1*/~ animals up to the age of 18
months failed to detect a predisposition to early tumori-

12 l'8 24
(hours)

IR + Nocodazole

circles. 5 and {6 represent two independent
CHK1%%/~ cell lines and f7 is a control
CHEK1%x%/+ cell line.

genesis. To determine whether reduction of CHKI dos-
age could enhance tumor formation in the context of
other oncogenic stimuli, we crossed CHK1*/~ mice to
WNT-1 transgenic mice, which contain a WNT-1 onco-
gene driven by a mammary gland-specific mouse mam-
mary tumor virus promoter (Tsukamoto et al. 1988). The
WNT-1 transgenic females develop early mammary
gland hyperplasia and subsequent mammary adenocarci-
nomas at the ages of 3-12 months. Previous crosses of
p53- and p21-deficient mice to WNT-! transgenic mice
have revealed synergistic enhancements of tumor inci-
dence or tumor growth rates in the bitransgenic offspring
{Donehower et al. 1995; Jones et al. 1999). After the
WNT-1 transgenic/CHKI1*/~ crosses, we monitored 22
CHK1*/~ WNT-1 transgenic females and 22 CHKI1*/*
WNT-1 transgenic females for tumors of the mammary
gland. CHK1*/- females showed an earlier onset of mam-
mary tumors compared to the CHK1*/* females (Fig. 5).
The average age of tumor formation in the CHKI*/~
mice was 168 days versus 219 days for CHK1*/* mice.
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Figure 5. Kaplan-Meier plot of tumor incidence in CHK1*/*
and CHK1*/~ WNT-1 transgenic females. Twenty-two animals
of each genotype were monitored for mammary tumor forma-

tion for ~10 months. Tumor-free survival is plotted against the
animal age in days.

Statistical comparison of the tumor incidence curves by
the log-rank test, the Breslow-Gehan-Wilcoxon test, and
the Peto-Peto-Wilcoxon test gave P values of 0.055,
0.030, and 0.030, respectively. These test scores indicate
that the differences in tumor incidence between the
CHK1*/* and CHK1*/~ mice are marginally significant at
the 0.05 level.

Further comparison of the CHKI1*/* and CHKI*/-
mammary adenocarcinomas revealed no obvious differ-
ences in gross pathology, histopathology, or growth
rates. To assess whether the remaining wild-type CHK1
allele was lost in the CHKI*/~ tumors, we analyzed ge-
nomic DNA isolated from CHKI*/~ tumors by Southern
blot analysis. Of nine tumors examined, all nine retained
an intact wild-type CHK]1 allele (data not shown), sug-
gesting that reduction of CHKI dosage by 50% has a
modest tumor-enhancing effect in the WNT-1 transgenic
model. The retention of the wild-type CHK1 allele in the
tumors is consistent with the finding that complete ab-
sence of Chkl protein leads to cell lethality.

In vivo phosphorylation of Chk1 on §345 by Atr
after DNA damage

In human cells, Chkl is phosphorylated in response to
DNA damage (Sanchez et al. 1997). Because SQ sites are
known substrates of Atm and Atr {Banin et al. 1998;
Canman et al. 1998), we raised rabbit polyclonal anti-
bodies to peptides containing phosphorylated serine in
the conserved SQ sites in human Chk1 protein. Only the
anti-phospho-8345 {anti-p-S345) antibodies produced a
signal specific for the phospho-antigen-peptide. Chkl
was immunoprecipitated with anti-Chkl or anti-p-S345
antibodies from lysates prepared from 293T cells that
were either untreated or treated with hydroxyurea (HU),
UV, or IR. Although the anti-Chkl antibodies brought
down equivalent amounts of Chkl proteins from all cell
lysates, the anti-p-S345 antibodies immunoprecipitated
Chk1 proteins only from HU-, UV-, or IR-treated cells,
but not from untreated cells {Fig. 6A). This experiment
suggests that in human cells Chkl is phosphorylated on
§345 in response to DNA damage or replication blocks.
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Because ATR and CHK1 disruptions both lead to peri-
implantation embryonic lethality in mice, we asked
whether Atr regulates Chkl in response to DNA dam-
age. By transient transfection experiments, we showed
that overexpression of wild-type Atr, but not the kinase-
defective mutant Atr, increases the phosphorylation of
co-transfected Chk1 on S345 in response to UV (Fig. 6B].
Furthermore, overexpression of the kinase-defective mu-
tant Atr in an inducible cell line {Cliby et al. 1998} in-
hibits the UV-induced $345 phosphorylation of endog-
enous Chkl (Fig. 6C). These results suggest that Atr
functions upstream of Chkl in the mammalian DNA
damage response pathway and is a major regulator of
Chkl phosphorylation after DNA damage.
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Figure 6. Chk1 is phosphorylated on $345 after DNA damage
and this is regulated by Atr. (A) Phosphorylation of Chkl on
$345 after DNA damage. 293T cells were untreated or treated
with IR {20 Gy and harvested after 1 hr), UV (50 J/m? and har-
vested after 2 hr} or HU {1 mM for 24 hr). Whole cell lysates were
immunoprecipitated (IP) with rabbit anti-Chkl or anti-p-S345
antibodies followed by immuncblotting with mouse anti-Chk1
antibodies. B} Overexpression of wild-type (WT) but not kinase-
deficient (KD) Atr enhances S345 phosphorylation of cotrans-
fected Chkl. Thirty-six hours after cotransfection of
CMV:Chkl and CMV.FLAG-Atr-WT or CMV-FLAG-Atr-KD,
293T cells were untreated (-] or treated with UV (50 J/m?} and
harvested after 1.5 hr. Whole cell lysates were immunoblotted
with anti-FLAG antibodies to detect Atr expression, or assayed
for $345 phosphorylation of Chkl by IP-Western blot as de-
scribed in (A). (C) Induction of kinase-deficient Atr inhibits
$345 phosphorylation of endogenous Chkl. GM847/ATR-KD
cells were cultured in the absence (-] or presence (+} of 1 pg/ml
doxycycline (Dox) for 48 hr, untreated (-} or treated with UV {50
J/m?) and harvested after 1 {1h) or 4 (4h} hr. Whole cell lysates
were immunoblotted with anti-FLAG or mouse anti-Chk! an-
tibodies to detect Atr—KD or endogenous Chk1 expression. And
IP-Western was performed to detect $345 phosphorylation of
Chkl as described in A.




Discussion

Chk1 is essential for embryonic development
and ES cell survival

CHK]1 deficiency leads to cell death in ES cells and peri-
implantation embryonic lethality in mice. Thus, the
early lethality of CHKI null embryos can be explained
by a cell autonomous failure of CHK17/~ embryonic cells
to survive. Given the essential role of Chkl in each cell
cycle, it is surprising that CHK1 null embryos can sur-
vive even to the blastocyst stage. A few embryonic divi-
sions may be sustained in the CHK1 null embryos by
maternal Chkl protein stores. Alternatively, CHK1/~
embryonic cells may be capable of dividing a few times
before apoptotic death. Regulated apoptosis occurs in
wild-type murine blastocysts and is thought to eliminate
redundant or damaged cells before implantation to en-
sure successful embryonic development (Parchment
1991). Thus, the massive apoptosis displayed by CHK1
null blastocysts may indicate that CHKI1~/~ cells accu-
mulate substantial genomic instability. The fact that
apoptosis occurs independent of p53 in wild-type and
CHK1 mutant blastocysts is consistent with the previ-
ous finding that ES cells undergo p53-independent apop-
tosis in response to DNA damage {Aladjem et al. 1998).

Although required for DNA damage checkpoints,
CHK1 is not an essential gene in yeast S. cerevisiae or S.
pombe. In contrast, Grapes/Chk1 is indispensable for
early embryonic development in fruit flies and, as shown
here, in mice. It remains unclear whether this embryonic
lethality is due to the cell cycle checkpoint function of
Chk1, or to some novel function acquired in evolution. It
is known, however, that embryonic development is ex-
tremely sensitive to genomic instability. Consistently,
disruption of many genes involved in double-stranded
DNA break repair, including BRCA1, BRCA2, RAD50,
RADS5], and MREL1], lead to early embryonic lethality in
mice. Many of these genes have also been shown to be
essential for ES cell viability and chromosomal stability
(Hakem et al. 1996; Lim and Hasty 1996; Sharan et al.
1997; Luo et al. 1999; Yamaguchi-Iwai et al. 1999). Thus,
if Chkl mutant cells are checkpoint defective and can-
not fully repair DNA damage during normal cell cycle, it
might lead to the accumulation of genomic instability,
cell death, and embryonic lethality.

CHKI1 and ATR may define a new class of tumor
suppressors

Given the degree of genomic instability seen in ATR™/~
cells and possibly CHK1/~ cells, CHK1 and ATR are
likely to be potent tumor suppressor genes. ATR hetero-
zygotes have a small increase in tumor incidence (Brown
and Baltimore 2000), whereas CHK1 heterozygosity
modestly enhances the tumorgenicity of WNT-1 onco-
genic mice. A limited analysis failed to detect any inci-
dence of loss of heterozygosity (LOH) in ATR*/~ or
CHK1*/~ tumors. This is consistent with the fact that
complete absence of these proteins leads to cell lethality.
Likewise, increase in spontaneous or carcinogen-induced
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tumor formation has been observed in p27 heterozygotes
and some p53 heterozygotes without LOH (Fero et al.
1998; Venkatachalam et al. 1998). Because ATR and
CHK]1 are both essential genes that in the heterozygous
state can modestly enhance tumorigenesis, they may
represent a novel class of essential tumor suppressor
genes that fail to display LOH in developing tumors.
This also suggests that not all tumor suppressor genes
can be detected by simply searching for mutations in the
remaining allele of genes within a particular region of
LOH. Thus, it might be prudent to give careful consid-
eration to those genes believed to be essential for viabil-
ity as important candidates for tumor suppressor genes.

Chk1 is required for initiating G, arrest after y-irradiation

In response to IR, mouse ES cells arrest predominantly at
G, and Chk?2 is required to maintain this arrest {Hirao et
al. 2000). Similarily, p53, p21, and 14-3-3 sigma have
been shown to help sustain the IR-induced G, arrest in
human fibroblast cells (Bunz et al. 1998; Chan et al.
1999). Our analysis of the conditional CHK1-deficient ES
cells indicates that Chkl is primarily responsible for the
initiation of G, arrest in response to DNA damage. Chkl
and Chk2 have been shown to phosphorylate human
Cdc25C on §216 in vitro (Furnari et al. 1997; Sanchez et
al. 1997, Matsuoka et al. 1998; Blasina et al. 1999; Brown
et al. 1999; Chaturvedi et al. 1999). S216 phosphoryla-
tion of Cdc25C is important for G, arrest after DNA
damage {Peng et al. 1997) because it causes inhibition
and cytoplasmic sequestration of Cdc25C, thereby pre-
venting the activation of Cdc2 kinase (Kumagai and
Dunphy 1999; Lopez-Girona et al. 1999; Yang et al.
1999). Because the S216 site is not conserved in mouse
Cdc25C, other similarly acting phosphorylation sites
may exist as targets of these checkpoint kinases. Fur-
thermore, it is likely that additional targets for Chk1 and
Chk?2 also contribute to cell cycle arrest (O’Connell et al.
1997). Our results are consistent with the model in
which Chk1 primarily functions to initiate the G, arrest
in response to DNA damage and Chk2 plays a supporting
role in maintaining this arrest both by preventing the
activation of Cdc2 kinase through Cdc25C. Because
mouse ES cells have an unusual cell cycle, it will be
important to study Chkl and Chk2 function in DNA
damage checkpoints in other cell types.

Chk1 is modified in response to DNA damage

In yeast and humans, Chkl is phosphorylated in re-
sponse to DNA damage (Walworth et al. 1993; Sanchez
et al. 1997, 1999). The phosphorylation of human Chkl
can only be reliably detected by two-dimensional gel
analysis. To establish a simpler assay for Chkl activa-
tion, we made phospho-specific antibodies and found
that anti-p-S345 antibodies were able to immunoprecipi-
tate Chkl efficiently only when cells were treated with
DNA-damaging or replication-interfering agents such as
UV and HU, and to a lesser extent with IR. Analysis of
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Chk1 phosphorylation was complicated by the fact that
it runs on a gel at a position obscured by the heavy chain
of IgG. The assay we used could not distinguish regu-
lated phosphorylation of Chkl on S345 versus constitu-
tive phosphorylation with regulated accessibility by an-
tibodies. However, given the knowledge of Chkl phos-
phorylation in other systems, we favor the idea that
human Chk! is phosphorylated on S345 in response to
DNA damage or replication blocks. The S345 site ISF-
{pS)QP is very similar to the consensus 14-3-3 binding
sequence RSx(pS)xP, suggesting that phosphorylated hu-
man Chkl protein may interact with 14-3-3 proteins.
Phosphorylation of this conserved site in S. pombe Chk1
could potentially explain the increase in 14-3-3 binding
to Chkl after DNA damage (Chen et al. 1999).

Atr regulates Chk1

Both Atr/Mei-41 and Chk1/Grapes are required for early
embryogenesis in mice and fruit flies, suggesting Atr and
Chkl function in the same pathway. We propose that
Atr is a major regulator of Chkl in response to DNA
damage based on the following observations: (1) Chkl
phosphorylation on S345 is increased in response to UV
and HU treatment, to which cells expressing kinase-de-
fective mutant Atr show enhanced sensitivity {Cliby et
al. 1998); (2) overexpression of Atr enhances Chkl $345
phosphorylation in response to UV; (3) Atr can phos-
phorylate the S345 site in vitro when presented as a GST
fusion peptide (Kim et al. 1999); {4) overexpression of the
kinase-defective mutant Atr reduces S345 phosphoryla-
tion of endogenous Chk1 in response to UV; and (5) like
CHK1'~ cells, cells expressing the kinase-defective mu-
tant Atr are compromised for the IR-induced G, arrest
(Cliby et al. 1998). Taken together, these results suggest
that Atr functions upstream of Chkl and regulate its
phosphorylation on $345 in response to DNA damage.
Our results are consistent with a model shown in Fig-
ure 7, in which Atm-Chk2 and Atr-Chkl1 represent two
parallel branches in the mammalian DNA damage re-
sponse pathway that respond primarily toward different
types of DNA damage. Atm responds primarily to DNA-
damaging agents that cause double-stranded breaks, such

IR .. UV, HU

Atm T Atr

l 1

Chk2z -~ Chkl
1 \'Cdczsc‘(l?
p53, Breal l p53, Breal
Cdc2

Figure 7. A model for the mammalian DNA damage response
pathway (See text for details). The question marks indicate hy-
pothetical regulatory interactions.

?
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as IR, and phosphorylates Chk2. Atm and Chk?2 together
phosphorylate Brcal and p53 (Banin et al. 1998; Canman
et al. 1998; Cortez et al. 1999; Chehab et al. 2000; Hirao
et al. 2000; Shieh et al. 2000), and activate cellular re-
sponses including G, arrest. On the other hand, Atr re-
sponds primarily to agents like UV and HU that can
potentially interfere with DNA replication, and phos-
phorylates Chkl. It is possible that Atr and Chkl phos-
phorylate Brcal, p53 in addition to Cdc25C ({Tibbetts et
al. 1999; Shieh et al. 2000; R.S. Tibbetts et al., in prep.),
and activate cellular responses including G, arrest. Fur-
thermore, the two pathways have significant overlap and
often cooperate with each other to ensure prompt and
efficient repair of DNA damage and to maintain genomic
integrity. When one pathway is genetically compro-
mised, they can also function redundantly, although
probably to a lesser extent and with different kinetics.
For example, the rapid p53 stabilization in response to IR
is greatly reduced in ATM mutant cells (Kastan et al.
1992), but it does occur much later, which is probably
due to Atr (Lu and Lane 1993; Tibbetts et al. 1999). Simi-
lar observations have been made for Chk2 phosphoryla-
tion in response to IR (S. Matsuoka and S.J. Elledge, un-
publ.}. This may reflect the fact that in addition to tai-
loring the cellular response to different types of DNA
damage, cells have many responses that are commonly
required toward different types of genotoxic stress.

Materials and methods

Construction of targeting vectors

All targeting vectors were constructed for positive-negative se-
lection and thus contain a neo or hprt marker and a TK marker.
For simplification, we describe the composition of each vector
rather than details of construction. Neo-targeting vector
{pQL258): The neo marker was flanked by 1.9 kb of the 5" un-
translated region and 4.5 kb of genomic sequence containing
exons 6-7. Hprt-targeting vector (pQL289): The hprt marker was
flanked by 3 kb of 5' genomic sequence with exon 2 and 4.2 kb
of 3' genomic sequence with exons 6-7. Flox targeting vector
(pQL456): The loxP-neo-loxP cassette was ligated to a 2.2-kb
exon 2-containing genomic sequence, of which the last 59 bp
was replaced by an EcoRV and a loxP site. The loxP-neo-loxP-
E2-Rv-loxP centerpiece was flanked by 1.9 kb of 5’ untranslated
region and 4.3 kb of 3' genomic sequence carrying exons 3-5.

Southern blot and PCR

Genomic DNA was isolated from ES cells or mouse tissues
using standard protocols and Southern blot analysis were per-
formed with QuikHyb solution (Stratagene). The 3’ external
probe was a 420-bp HindIlI-Nhel fragment from pQL253,
whereas the 5’ internal probe was a 1.4-kb EcoRI-Xhol fragment
from pQL286. WNT-1 and p53 genotyping was performed as
described {Tsukamoto et al. 1988; Donehower et al. 1992). Pre-
implantation embryos were digested at 55°C overnight in lysis
buffer (10 mm Tris (pH 7.5), 10 mm EDTA (pH 8}, 10 mm NaCl,
0.5% Sarcosyl, 0.5 mg/ml protease K} and 1-5 pl lysate was used
for PCR. CHK1 PCR was conducted in 25 pl reaction using
Expand DNA polymerase (Boehringer Mannheim| and three
primers: 247, 5'-ACCGCTTCCTCGTGCTTTAC-3'; 248, 5'-
ATAGGCACCTTCTCCCAAAG-3'; and 252, 5-GGAGGA-




CAAACGTGGAAACAGG-3'. PCR cycles: 94°C, 3 min, 33
cycles of (94°C, 20 sec; 63°C, 60 sec), 68°C, 4 min. A 282-bp and
a 572-bp fragment were amplified from the wild type {by 248
and 252} and mutant alleles {by 247 and 252), respectively.

Manipulations of pre-implantation embryos

All embryos were generated by natural matings. Eight-cell
morula were cultured in KSOM media {Cell and Molecular
Technologies} and blastocysts in M15 media. All images of in
vitro cultured embryos were taken on an inverted microscope
using the National Institutes of Health {NIH) imaging software.

TUNEL analysis of blastocysts

Eight-cell morula were isolated, cultured for 45 hr and harvested
for TUNEL analysis according to manufacture’s protocol (Boeh-
ringer Mannheim). In brief, embryos were fixed in 10% formalin
for 20 min, permeablized in 0.2% Triton X-100 for 5 min, fol-
lowed by TUNEL labeling at 37°C for 1 hr and DAPI staining.
Stained embryos were individually suspended in PBS solution
for imaging on a Zeiss fluorescence microscope. Mutant and
normal-looking embryos were divided into two groups: half for
genotyping and half mounted for confocal imaging. Normal
(CHK1*/* and CHK1*/~) versus mutant (CHK1~/~) embryos were
identified with ~95% confidence.

FACS and mitotic index

FACS analysis was performed with standard protocols. Feeder
cells were excluded based on their giant size and greater than
4N DNA content. The percentage of G,-S and G, population
was measured by the Coulter {II} software (Beckman). For mi-
totic index measurement, cells were cytospinned onto slides,
fixed in 3% paraformaldehyde for 15 min, permeablized in 0.5%
NP40 for 5 min, and mounted in Vectashield containing DAPI
(Vector Lab). Feeder cells were excluded based on their giant size
and multinuclei.

Antibodies

Mouse anti-FLAG (M5} (Sigma)} and anti-Chkl (Santa Cruz)
antibodies were purchased and rabbit anti-(human) Chkl1 anti-
bodies were described in Sanchez et al. (1997). The anti-p-5345
antibodies were raised against a human Chkl phospho-$345
peptide, QGISF(pS)QPTC, and were affinity-purified by the
phospho-antigen-peptide column followed by passing through a
QGISFSQPTC peptide column to eliminate nonspecific anti-
bodies reacting with the unphosphorylated antigen peptide.
Cell lysates were prepared and immunoprecipitation {IP) were
performed as described (Matsuoka et al. 1998). IP with anti-p-
$345 antibodies was conducted in the presence of 100 pg/ml of
the QGISFSQPTC peptide. Immunoblots were visualized by
ECL {Amersham).
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p190-B, a Rho-GTPase-activating Protein, Is Differentially
Expressed in Terminal End Buds and Breast Cancer’
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Abstract

Microdissection and differential display PCR were used
to identity genes preferentially expressed in the highly
proliferative terminal end buds (TEBs) in the mammary
gland of 45-day-old virgin rats. One clone exhibited
87% homology to the human p790-8 gene encoding a
novel Rho-Gap. Using in situ hybridization, p190-B was
detected in both the TEBs and the terminal ducts, with
the highest expression observed in the outer layer of
TEBs. During normal mammary gland development,
p190-B mRNA expression was highest in the virgin
mammary gland and decreased during late pregnancy
and lactation. Interestingly, increased leveis of p190-B
mRNA relative to the normal mammary gland were
seen in a subset of murine mammary tumors that
appeared to be less well differentiated and potentially
more aggressive. Transient transfection of a p190-B
expression construct into MCF-10A human mammary
epitheliat cells resuited in disruption of the actin
cytoskeleton, which suggests a role for p190-B in
regulating the signaling pathways that influence cell
migration and invasion. These resuits suggest that
p190-B may be required for virgin mammary gland
development, and its aberrant expression may occur in
breast cancer,

Introduction

A woman's reproductive history is one of the principai de-
terminants of her susceptibility to breast cancer. An early
full-term pregnancy is protective and the iength of time be-
tween menarche and the first full-term pregnancy seems to
be critical for the initiation of breast cancer (1). This phenom-
enon has been extensively modeled in rat model systems, in
which pregnancy per se (2?(2 or treatment with estrogen
and progesterone has been shown to be highly protective
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against NMUP-induced carcinogenesis | /4 5. Recently,
parity-induced protection has also been reproduced in a
mouse model 6)/ Although the mechanism for this prot}twe
effect has not been defined, Russo and Russo (7) have
suggested that the protective effects of an early full term
pregnancy result from estrogen- and progesterone-induced
differentiation of mammary epithelial cells and the concom-
itant loss of cells susceptible to carcinogenesis. The effects
of estrogen and progesterone are mediated by the induction
of specific “local mediators,” i. e., growth factors that act via
autocrine and paracrine mechanigms to influence TD and
TEB growth and differentiation (8Y. These factors may induce
persistent alterations in intracellular pathways that govern
the prolifgrative response of mammary cells to carcinogenic
action’{9). An alternative to Russo’s hypothesis suggests,
however, that other alterations in addition to differentiation of
the TEB and TD mightexplain the refractoriness to mammary
carcinogenesis (10y/Regardless of which hypothesis is cor-
rect, no molecular markers are available to identify and follow
the fate of the highly susceptible TEB cells. Yet, such inter-
mediate biomarkers will be required to develop effective
diagnostic tools and preventive therapies for breast cancer.

TEBs are composed of highly proliferative cells thought to
be the most susceptible to neoplastic transformation. Ductal
morphogenesis is accompanied by the penetration of these
proliferative cefls into the surrounding fat pad. The TEB con-
tains two histologically distinct cell types: the more central
body cells and the outer cap cells. The highest levels of
proliferation are observed in the cap cells, whereas the body
cells surrounding the lumen are highly apoptotic, thus pro-
viding a mechanism to generate a ductal structure (11). With
each estrous cycle, most of the TEBs in mature animals
progressively differentiate into ABS. A small population be-
come atrophic and give rise to TDs. Both TEBs and TDs are
targets for carcinogen action in young and old virgin rats,
respectively.

The objective of this study was to identify molecular mark-
ers for TEB and TD celis to follow their fate during mammary
development and carcinogenesis. To do so, we sought to
identify genes that were differentially expressed between
TEBs and the M and S regions of the nulliparous rat mam-
mary gland. A large repertoire of/techniques, such as sub-
tractive hybridization of cDNA (12), cPNA arrays (18), repre-
sentational difference analysis (14%’and SAGE (reviewed in
Ref. \1};‘ now exist that are capable of generating a profile

3 The abbreviations used are: NMU, nitrosomethyturea; TD, terminal duct;
EB, end bud; TEB, terminal EB; EDD, EB DD; ABS, alveolar buds; DD,
differential display; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
K18, Keratin-18; RT, reverse transcription; M, midgland (tissue); S, stroma/
stromal (tissue); ECM, extracelfular matrix; TRAP, telomeric repeat ampiifica-
tion protocol; DAPY, 4’,6-diamidino-2-phenylindole; EtBr, ethidium bromide;
oligo(dT. ougodeoxythymidyiic acid, S é- o5 ta {
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Differential Expression of the Rho-Gap p1390-B

EB

Fig. 1. Isolation of mammary tissue
fractions by dye visualization. A. dia-
gram of the virgin mammary gland:
end bud (EB). midgland M), and
nipple (N), adapted from Ref. 25. 8.
mammary tissue fractions dissected
from a 45-day-oid nulliparous rat after
visualization of the ductal tree with
trypan blue; stroma (8).

that reflects the presence of differentially expressed tran-
scripts. However, with DD-PCR (16) multiple RNA samples
can be compared at one time. Moreover, as little as 5 ug of
total RNA per sample is enough to carry out the analysis.
Thus, when these studies were initiated, DD-PCR was the
preferred method because only microgram quantities of RNA
could be isolated from the various dissected regions of the
mammary gland. In all, 14 differentially expressed cDNA
fragments were subcloned from the TEB region and se-
quenced to identify potentially interesting genes. This study
reports the identification and characterization of a Rho-GT-

Pase-activating protein, p190-B, that may be required Tor

virgin mammary gland development and may play a role in
mammary neoplasia.

Resuits

Isolation of TEB Specific Genes. DD-PCR analysis of the
RNA samples obtained from the dissection of TEB and of M
and S regions of the rat virgin mammary gland (Fig. 1) re-
sulted in the isoiation of 14 clones that were preferentially
expressed in the TEB (Fig. 2). Some of these clones were
identified because their differential expression pattern could
be reproduced in parallel runs of two different pools of RNA
(see Fig. 2, A and 8). Homology searches were performed
using BLAST (software) searches against the GenBank da-
tabase (1 7)\/A<summary of the genes showing homology to

the EDD clones is presented in Table 1. Ten of the EDD
clones had a high similarity to sequences in the database.
Although five of these clones are expressed sequence tags
(ESTs) with unknown functions, the remaining clones were
identified as genes whose products perform a wide range of

action growth factors signaling molecuIeA cell surface re-
cepto mntochondnal product’ and a mineral binding protein.

To further confirm these results, we followed the expres-
sion of EDD clones by “Reverse Northern,” in which a fixed
amount of each of the ampiified DD-PCR clone was run on
high-density gels and were probed with reverse-transcribed
radiolabeled cRNA probes. Unlike conventional Northern
analysis, in this technique, the cDNA clones are blotted onto
nylon membranes and probed with reverse-transcribed
cRNA probes (12}/ The abundance of a transcript in the RNA
used for RT should determine the signal intensity on the blot.
This method was used because of the relatively fow abun-
dance and the difficulty in obtaining poly(A)+ RNA from
micro-dissected TEB fractions required for Northern blot or
RNase protection analyses. To increase the sensitivity of the
assay, each of the selected clones was run in duplicate at
two different concentrations. Expression of housekeeping
genes like GAPDH and L1719 were used to monitor the effi-
ciency of RT reaction whereas K18, expressed only in epi-
thelial cells, provided the positive control to determine the
sensitivity of this method to identify differentially expressed
genes. K18 expression was detected in both TEB and M
fractions. which contain primarily epithelial cells, whereas the
S fraction, which is exclusively from S, was negative for K18
expression (Fig. 3).

Despite the limitations of microdissecting a three-dimen-
sional structure, Reverse Northern analysis confirmed the
overexpression of EDDC2 in the TEB fraction (Fig. 3). Al-
though, Reverse Northern analysis revealed only a minimai
increase in C2 expression in TEB fractions, it may still have
important functional ramifications inasmuch as all of the
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Fig. 2. Representative denaturing polyacrylamide gel for DD analysis to detect cDNAs preferentially expressed in EB fraction of the mammary gland.
3°S-labeled dATP DD-PCR products from three sets of RNA designated E, M, and S were run in adjacent lanes. A, DD gels using primer combination (T,,-G
+ AP2); 8, DD gels using primer combination (T,,-C + AP8); C, DD gels using primer combination (T,,-C + AP7). To minimize false-positive bands. each
reaction was performed from two independent pools of RNA, and only those bands that were reproducibie (arrows) were picked up for further analysis. To
control for false positives from contaminating DNA, a —RT reaction was subjected to the same PCR conditions and run in parallel ianes (data not shown).

Table 1 Summary chart of genes that are preferentiaily expressed in TEB region of the rat virgin mammary gland

The DD-PCR clones were compared to GenBank sequences to identify potential homologues using a BLASTN search.

Clone Primers Size (bp) Identity
EDD-G5 AP-7, T11-G 257 LR11 low-density lipoprotein receptor; 90%
EDD-G6 AP-2, T11-G 183
EDD-G7 AP-2, T11-G 230
EDD-C2 AP-7, T11-C 241 p190-B Rho GAP; 87%
EDD-C3 AP-7, T11-C 204 yy55h09.51; cONA clone 277505; human ovary, 80%
EDD-C6 AP-1, T11-C 122 yf99a06.r1; cDNA clone 30458; human infant brain; 81%
EDD-C11 AP-8, T11-C 92 Calcium binding protein Cab4$s; 86%
EDD-C12 AP-8, T11-C 108 Adrenomedultin; 100%
EDD-C13 AP-8, T11-C 125
EDD-C14 AP-8, T11-C 132 ynB4b02.s1; cONA clone 175083; human adult brain; 78%
EDD-C15 AP-8, T11-C 145 yw25b09.51; cDNA cione 253241; human fetal cochlea; 31%
EDD-C16 AP-8, T11-C 151 Rat mitochondrial rRNA; 98%
EDD-C17 AP-8, T11-C 181 Rat cytochrome C oxidase; 9%
EDD-C18 AP-8, T11-C 422

DD-PCR clones encoded very iow abundance mRNAs when
compared with genes like GAPDH and K18, which were used
as positive controls for this experiment. Expression of Clone
G7 on the other hand was high in both TEB and S fractions.
Similarly, G5 expression was high in S and M fractions. Some
of the clones, however, did not provide a significant signat
over background and were still below the level of detection
by Reverse Northern and, hence, could not be quantitated
using the phosphorrimager. Although DD-PCR analysis re-
vealed several-fold higher expression of EDD clones G6, G7,
and C18 in TEB fraction (Fig. 2) and looked more promising
when compared with EDD clone C2 (see Fig. 2), additional
"studies were restricted to EDD clone C2 for the following
reasons: (a) differential expression of this clone could be
confirmed by more than one technique; and (b) as opposed

to G6, G7, and C18, which had no homology to known genes
and necessitated isolation of full-length clones, EDD clone
C2 was 87% homologous to a novel Rho-Gap family mem-
ber, p190-B, in a non-Rho-Gap region. A full-length p190-8
clone was, thus, available for further analysis to determine
whether it was differentially expressed during mammary de-
velopment and carcinogenesis.

Localization of p190-B Transcripts by in Situ Hybrid-
ization. p190-B belongs to the Rho-Gap family of proteins
and has many family members, the closest being p190-A.
p190-B has been implicated in-integrin signaling and cy-
toskeletal reorganization (18h/Because p190-Rho-Gaps en-
hance the conversion of GTP-Rho to GDP-Rho, they nega-
tively regulate cytoskeletal assembly and have a role in cell
motility and invasion. (See review 19),”
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Fig. 3. Quantitative analysis of p190-B expression in TEB, M, and S
fractions of the mammary gland by Reverse Northem: DD-PCR clones
were PCR-amplified, and an equal of amount of each of the clone was run
induplicate in a three-tier gel system and hybridized with oligo(dT)-primed
32p.radiolabeled reverse-transcribed cDNA {see 4@ from EB, M, and S
»fractions. The filters were exposed to phosphorimager ovemight and
quantitated using the software imagequant (Molecular Dynamics). The
data were normalized for RPL19 expression and represent the mean
fold-change over GAPDH expression = SE. Results are representative of
three independent experiments.

To confirm the differential tissue distribution of p190-B in
the virgin mammary gland, the cDNA was linearized to gen-
erate a >*P-riboprobe for the detection of its transcript at the
single cell level by in situ hybridization. in agreement with the
DD-PCR and Reverse Northern data, in situ hybridization
reveaied that the highly proliferative and invasive TEBS dis-
played the highest expression of p190-B (Fig. 4A). Maximum
level of p190-B message appears to be in the outer cell layer
(Fig. 4A, arrow). Heterogeneous expression levels of p190-8
were aiso observed in the ABS and ducts and in the S but at
much reduced levels {compare the signal seen in TEBs (Fig.
4A) with the signal seen in ABS (Fig. 4D) and ducts (Fig. 4G)
over the background as seen in the sense controls depicted
in Fig. 4, C, F, and / on serial sections). These results suggest
that p190-B may play a role in normal mammary gland de-
velopment by facilitating the invasion of the TEBs into the
surrounding fat pad. Because neither good polyclonal nor
good monoclonal antibodies for p190-B were available,
these results could not be further confirmed at the protein
level using immunohistochemical methods.

p190-8 Gene Expression during Mammary Develop-
ment. in addition to systemic hormones and local growth
factors, the S, ECM, and ECM-signaling proteins play a
critical role in tissue remodeling and mammary gland devel-
opment. Because p190-B may be directly involved in the
regulation of the actin cytoskeleton and may, therefore, in-
fluence mammary morphogenesis, its expression was ana-
lyzed in various adult rat tissues and in mammary glands of
Wistar Furth rats at different developmental stages. As re-

ported previously (14;)190-8 cDNA is encoded by 6.4- and
4.4-kb transcripts. p190-8 is expressed in several adult tis-
sues including lung, liver, kidney, brain, and heart, and at
much lower levels in ovary and uterus (data not shown).

Interestingly, p190-B was differentially expressed during
mammary development. The highest level of expression was
detected initially in the virgin mammary gland of 45-day-old
rats and maintained in old virgin rats. p190-B mMRNA levels
then declined progressively during pregnancy through lacta-
tion (Fig. 5A). The relative levels of p190-B mRNA were
compared with the fevel of K18 mRNA (Fig. 50), a marker for
ductal and alveolar epithelial cells, to correct for the changes
on both epithelial celi content during mammary gland devel-
opment and the dilution effect of abundant milk protein
mRNAs during lactation. Using this correction, the relative
expression of p130-B still decreased significantly during late
pregnancy and lactation when compared with that of the
45-day-old virgin rats (Fig. 5€). The blot was also probed with
B-casein to indicate the integrity of mRNA from pregnant and
lactating glands (Fig. SC). The relative decrease in expression
of p190-B during pregnancy and lactation as compared with
that in the virgin mammary gland may be attributed to the
concomitant loss of TEBs with progressive differentiation.
These findings, therefore, support the earlier observation of
increased expression seen in the TEB fraction both by DD-
PCR and in situ hybridization.

p190-B Is Overexpressed in Some Murine Mammary
Tumors. On the basis of the observation that p190-8 was
expressed at higher levels in the less differentiated mammary
gland (virgin mammary gland) and at stages representing
increased proliferation (i.e., 45-day virgin and early preg-
nancy), its expression was analyzed in a limited number of
primary, rat NMU-induced tumors. Indeed, p190-B was
highly expressed in 7 (35%) of 20 NMU-induced tumors
analyzed. The expression fevel varied from 2-fold to several
hundred-fold when compared with that of a 45-day- old rat
virgin mammary gland, the time at which the animals re-
ceived the carcinogen (Table 2 and Fig. 6; see Lane 1 control
versus Lanes 3, 4, 9, and 70). p180-B expression in these
samples was normalized using 28S RNA. Increased expres-
sion of p190-B mRNA was never observed in age-matched
virgin animals {P = 0.000; df, 1; Fisher's exact test (two-
tailed)], and was not changed as a function of aging. When
the controls were more than 200 days old, none of the rats
ever developed spontaneous tumors or displayed increased
expression of p190-B in the normal mammary glands.

Interestingly, when in situ hybridization was used to iden-
tify the cell populations expressing p190-B mRNA, no de-
tectable signal was observed in areas of the tumor that
exhibited normai mammary epithelial histology (Fig. 7A4; see
B for representative histology of the region in A). in contrast,
both the S and less-well-differentiated epithelium of the
NMU-induced tumors expressed p190-B mRNA (Fig. 7C; see
D for representative histology of the region in C). However, a
second, more highly differentiated tumor, did not contain
detectable p190-B transcripts (Fig. 7E; see F for represent-
ative histology of the region in E). In other tumors, p190-8
expression was localized to regions that were also less well
differentiated (data not shown). These studies suggest that
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Fig. 4.

In situ localization of p190-8 gene expression in the virgin mammary gland. Dark field illuminations of x 200 fields showing hybridization to the in

vitro transcribed 3°P-labeled p190-8 transcripts. A (TEB), D (ABS), and G {Duct) show hybridization to the antisense transcripts. 8, E, and H show the
corresponding hematoxytin staining of the regions in A, D, and G at the same magnification. C (TEB), F (ABS), and / {Duct) show dark field illuminations of

<200 fields and hybridization to sense transcripts on a serial section.

the heterogeneous expression of p190-B that was observed
in different NMU-induced tumors may be attributed to dif-
ferences in epithelial cell types and/or epithelial-Si interac-
tions in these tumors.

To determine whether p190-B expression was altered dur-
ing cancer progression, its expression was also analyzed in
a set of mouse TM tumors (20). TM tumors are grown by
injecting TM cell lines into the mammary fat pad of syngeneic
mice. p190-B expression was studied in these tumors be-
cause a complete spectrum of tumors ranging from hyper-
plastic nodules (HAN) to malignant tumors was available for
study. Because the TM alveolar hyperplasias are morpho-
logically similar to midpregnant mammary glands, p190-B
expression in these hyperplasias and tumors was compared
with that of a mouse at day 13 of pregnancy. p190-B ex-
pression in 7 (44%) of 16 tumors varied from 0.5- to 8-fold
(Fig. 8 top panel; compare the control in Lanes 7 to the tumor
samples in Lanes 4, 5, 6, and 7) when normalized with 28S
RNA. In contrast, the level of expression ranged from 2- to
100-fold in NMU tumors.

These studies suggest that increased expression of
p190-B mRNA may be associated with breast cancer. Al-

though the functional significance of p190-B expression in
hyperplasias and/or tumors remains to be investigated, this
increase may reflect potentiation of the tumorigenic or inva-
sive potential of these tumors. It is, however, important to
note that the hyperplasias used in our study did not appear
de novo but, instead, are maintained as transplants. It is
possible that, under these circumstances, there was selec-
tion for p190-B expression in vivo. A more detailed analysis
of p190-B expression in various other tumor types is in
progress.

Contrary to the expected 6.4- and 4.4-kb transcripts, an
additional 8.5-kb transcript was detected in alt of the mouse
tumor RNAs analyzed. To determine the origin of the third
transcript, the blots were hybridized to both §’ and 3’ spe-
cific probes from p190-B cDNA. The 3’ specific probe gave
rise to the expected 6.4- and 4.4-kb transcripts. The 5’
probe, however, resuited in the detection of all of the three
transcripts. The 5’ end of p190-B shares significant homoi-
ogy to the p790-A gene. The biot was, therefore, further
hybridized to p190-A specificgrobe. This p190-A probe de-
tected the 8.5-kb band (21)./Iv-lgwever, unlike p190-8B, which
displayed elevated expression in a few tumors as compared

5
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Fig. 5. Differential expression of p190-8 during mammary develop-
ment. Total cellular RNA (20 ug) from the fourth inguinal mammary
gland was isolated from Wistar Furth rats at the following developmen-
tal stages: 45-day-old virgin {45dV), 120-day-old virgin (720dV), 12
days of pregnancy (12dP), 18 days of pregnancy (18dP), 2 days of
lactation (2dL), 10 days of factation (10dL), and 10 days of lactation
followed by 5 days of involution, induced by forced removal of the pups
from the mother {SdINV). A, total RNA hybridized to 32P-labeled p190-8
¢DNA and sxposed to films for 24~48 h. 8, EtBr staining demonstrates
equal loading of RNA. C, blot (as in A) stripped and rehybridized to
B-casein cDNA. D, blot (as in A) stripped and rehybridized to K18 cDNA
to normalize for epithelial content. The K18 signal was obtained from
an 8-10-h exposure to the film as opposed to a 48-h exposure for the
p190-B cDNA. £, phosphorimager quantitation of p190-B expression
during mammary development. The blots were exposed to the phos-
phorimager for 24 h, and the results were quantitated using the soft-
ware Imagequant (Molecular Dynamics). The ratio of p190-B:K18 ex-
pression is plotted as fold change over that of 45-day virgin expression
in arbitrary volume units/ug RNA. Error bars, SE. Results are repre-
sentative of three independent experiments. Because the RNA samples
from SdINV showed some degradation, they were excluded from quan-
titative analysis.

Table 2 Summary of p190-8 expression in NMU tumors and
age-matched virgin mammary glands

Data were obtained from several independent Northern blot analyses.
The percentage of tumor/glands with overexpression of p190-8 are noted
in parentheses.

8- to 100-foid 2- to 4-fold 0- to 1-fold
Rat NMU tumors 7/20 (351° 3/20 (15 10720 (50)
Age-matched virgin 0/20 (0) 0/20 (0) '20/20 (100)

@ Represents a significant difference from age-matched virgins. Pis 0.000
(2-tailed Fisher's exact test).

p190-8

<-qquene

RNA il

Fig. 6. Increased p190-B mRNA expression in some rodent mammary
tumors. Total RNA (20 ug) from the indicated murine mammary tumors
was hybridized to a 32P-labeled p190-B cDNA and analyzed for p190-8
expression using Northemn biotting. Top, representative rat NMU- induced
mammary tumors (T7, 72, T3 and so forth) were analyzed for p190-8
expression. Left-most /ane, normal mammary gland RNA from a 45-day-
old virgin rat (the time at which the animal received the carcinoger: = ~
was used as a control for analyzing overexpression in NMU tumcr
(loaded in adjacent lanes). Bottom, EtBr staining of the RNA gel.

with that observed in a 13-day pregnant ma: nary gland,
p190-A expression was not detectable in the :3-day preg-
nant mammary gland. It was, however, detectable in all of the
tumors analyzed (Fig. 8; compare the signal seen in bottom
panel, Lane 1, with the signal seen in tumors run in adjacent
lanes), which suggests that it also may be slightly up-regu-
lated in all of the tumors analyzed in this study. However,
because we did not see a direct correiation between the
intensity of the 8.5-kb band in blots probed with the p190-B
or the p190-A probes, it is difficult to conclude whether the
third transcript in the mouse tumors is the result of cross-
reactivity with p190-A transcript. it is possible that the third
transcript represents an as yet unidentified isoform or a
related gene transcript. This possibility has not been com-
pletely excluded, because the complete genomic structure
of neither p190-B nor p190-A is known yet.
Overexpression of p190-B in MCF-10A Cells Results in
Actin Cytoskeleton Disruption. Because overexpression
of p190-B in TEBs and some less differentiated tumors sug-
gested that it might facilitate invasion of TEBs into the fat pad
during virgin mammary development and might also impart
invasive potential to some rodent mammary tumors, we
wanted to understand how p190-B might be implicated in
signaling pathways that regulate ductal morphogenesis, cell
transformation, and/or invasion. Although, a direct proof for
its involvement in ductal morphogenesis can be obtained
only from experiments carried out using p190-B knockout
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Fig. 7. Heterogeneous expression of p190-B in some rodent mammary tumors. A, C, and E, the dark field illumination of the tumor sections hybridized
to the in vitro transcribed 3*P-antisense transcript for p190-B. The normal epithelium in A does not show hybridization to the probe. On the other hand, a
strong hybridization signal is seen in both the epithelial and the S regions of the tumor in C. Because the tumor sections used for in situ analysis were stained
with DAP! and visualized using fluorescence microscopy, H&E images from an adjacent section are included in 8, D, and F as an illustration of the
representative histology of the same tumor. All of the photomicrographs were taken at x 100. Data for sense controis are not shown.

mice mammary epithelium, as an initial step we, therefore, potential. p190-B, as a negative regulator of Rho proteins,
first tried to understand its role at the cellular level using may directly influence the adhesive capacity of a cell by
transient transfection assays in an in vitro cell culture model. affecting its actin stress fiber organization. We tested this

A halimark of all transformed epithelia is the loss of dis- hypothesis by analyzing the actin cytoskeietal architecture of

tinctive cell-to-cell contacts and the acquisition of migratory p190-B-overexpressing cells. Accordingly, p190-8 was tran-
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Fig. 8. p190-B mRNA expression in some murine mammary tumors.
Top, representative mouse TM mammary tumors anatyzed for p190-8
expression, Left lane, total RNA from normal mammary gland of a 13-day
pregnant C57BL/6 mice was used as a control for comparing the levels as
seen in tumor RNA sampies designated TM4, TM10, or TM40D. T and
extensions have been used to indicate a tumor or a hyperplasia. Middle,
EtBr staining of the gel. Bottom, The blot was stripped and hybridized to
p190-A cDNA to confirm the origin of the third transcript seen in mouse
tumor RNA panel.

siently transfegted into MCF-10A human mammary epithelial
cells using an efficient adenovirus-mediated transfection
protocol (28). The MCF-10A cells have been characterized as
spontaneously immortalized, nontumorigenic, t;;n?ﬁ breast
epitheliai cells with a near diploid karyotype (33, and they
possess many of the markers characteristic of a normai
mammary epithelial cell. The function of p190-B was as-
sessed by the simultaneous analysis of actin stress fiber
organization in p190-B-expressing cells grown on coverslips
using double immunofluorescence staining (see “Materials
and Methods”). The FITC-phalloidin staining pattern in the
p190-8B expressing cells was circumferential as opposed to
the fine overall network of actin stress fibers observed in
mock-transfected cells (Fig. 9; compare A and C with B and
D). p190-B expression in these transfected cells appeared to
be punctate in the cytoplasm and was not localized at focal
adhesions, as might be expected if these ceils had been
grown on an ECM. However, double immunofiuorescence
staining was used only to identify transfected cells and not to
study subcellular localization of p190-B under different cul-
ture conditions. In addition—despite using appropriate an-
tibody ditutions to minimize background staining problems—
weak nuclear staining, which may be the resuit of nonspecific
cross-reactivity of the HA monocional antibody, was seen in
some mock-transfected and 190-B-transfected cells.
Eighty-four % of p190-B-transfected celis exhibited a sig-
nificantly reduced actin stress fiber network (Fig. 10A, @), as
compared with only 3% of the mock-transfected cells (Fig.
10A, B). In addition, the majority of p190-B-transfected cells
exhibited a tendency to detach from the MCF-10A cell clus-
ters, and to remain as single, isolated cells (60%) or in pairs

*—\

detached from the cell monolayer (Fig. 108; compare 7 with
). When we further compared the tendency of both trans-
fected and mock-transfected cells to remain attached to the
cell monolayer, approximately 30% transfected celis (Fig.
10C, A), as compared with 80% mock transfected cells (Fig.
10C, W), were found attached to the monolayer. These stud-
ies suggest that p190-B over-expression results in a disrup-
tion of the actin cytoskeleton, which may, in turn, make the
cells less adherent, an important step in cell migration and
invasion.

Discussion

Both epidemiological studies and carcinogenesis experi-
ments in rats indicate that hormonal changes during preg-
nancy exert a protective effect on breast cancer. Because rat
and human mammary glands have similar developmentai
patterns and structurai features, the rat has been used as a
model system to identify the rechanism by which these
hormones confer resistance (24). Postnatal mammary devel-
opment in rats commences during the 1st week after partu-
rition. The primary duct branches into three to five secondar-
ducts. The distinctive club-shaped structures ot the distz
ends of the mammary ducts are the TEBs (25). During aa=
lescent mammary development the systemic hormones =<:
on TEBs to stimulate proliferation and rapid ductal elongaticin
into the mammary fat pad (8. Carcinogenesis studies in rats
have revealed that TEBs are alsp the major site for carcino-
gen-induced DNA damage méiperimems were, therefore,
initiated to isolate genes that were differentiaily expressed
between TEBs, TDs, and S using a combination of DD-PCR
and Reverse Northern techniques. Fourteen DD-PCR prod-
ucts, found primarily in the TEB Lanes of DD-PCR gels, were
isolated, subcloned and ssquenced, and compared with
GenBank entries.

Although DD-PCR was the most suitable technique avail-
able at the time, two serious drawbacks were encountered:
the generation of short 3’ clones and the high incidence of
false positives. The latter problem could be circumvented to
some extent by confirming the DD-PCR results by Reverse
Northern analysis. However, some of the clones did not
provide a significant signal over background and were still
below the ievel of detection by Reverse Northern using the
phosphorimager for quantitation. In addition, because the
TEBs and the M and S fractions were manuaily dissected
from trypan blue-injected mammary glands of 10 different
animals, the pooled fractions of RNA isolated were contam-
inated with tissue from the S. The availability of more recent
techniques like laser-capture microdissection should elimi-
nate these problems in future.

Despite these limitations, p190-B was found to be pref-
erentiaily expressed in the TEBs. p190-B is a Rho-Gap
member that is recruited to the sites of integrin clustering
(18 1t encodes a protein with an NH,-terminal GTPase
domain and a COOH-terminal Rho-Gap domain that stim-
ulate the intrinsic GTPase activity of Rho, Rac, and cdc-
42, thereby functioning as a negative regulator of their
signal-transducing activity. p190-B shares some features
in common with several members of the Ras, Rab, Ral,
and Rho family of GTPases, but it is most closely reiated
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Fig. 9. p190-B-induced actin cytoskeletal reorganization in MCF-10A cells. MCF-10A cells were transiently transfected either with the vector alone or with
a p190-B expression construct and were grown on coverslips, fixed, and simultaneously stained with anti-HA antibody and FITC-phalioidin, as described
in “Materials and Methods.” A and C, vector-transfected control cells. B and D, cells transfected with a HA-tagged p190-B construct. The p190-B
transfected cells have a markedly reduced actin stress fiber network and exhibit circumferential staining for actin. All of the photomicrographs were taken

on a DeltaVision deconvolution microscope using the X683 lens.

to p+90-A, sharing 51% amino acid identity (see review
@(‘T’ie sequences of both p190-A and -B are conserved
among mouse, rats, and humans. in the present studies,
differential expression of p190-B in TEBs of the rat virgin
mammary gland and an increased expression in some
less-weli-differentiated murine mammary tumors were ob-
served. Although the functional significance of increased
p190-B expression in tumors remains to be investigated,
overexpression of p190-B in “normal” human mammary
epithelial cells resulted in the disruption of the actin cy-

toskeleton, which suggests, therefore, that it may facilitate
cell migration and invasion. The direct involvement of Rho-
Gaps in invadopodia for\ryﬁon in LOX melanoma cells has
also been reported (27)The Rho family of proteins have
been implicated in the regulation of muitiple signal trans-
duction processes and are key components for the trans-
forming action of diverse oncoproteins (reviewed in Ref.
28Y. They are also induced in response to receptor tyrosine
kinase activation in human mammary epithelial cells,
breast cancer tissues, and cell lines (253)//

9
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Adenovirus. Adenovirus stocks were purchased from Dr. Nancy Wei- Depatfmen

(R BR), BeThes
MD, 20822

~< 4

Cells exhibiting the phenotype (%)

c

Fig. 10. A total of 100 cells each of transfected @) and vector-trans-
fected cells (W) were scored for the loss of actin fibrils (4), the presence of
single isolated celfls (8), and whether the cells were attached to the
monolayer {C). The data were normaiized for transfection efficiency. Error
bars, SE from three separate experiments.

The p190-8 gene has been localized recently to mouse chro-
mosome 12 and has been mapped to the conserved region of
human chromosome 14; the closegst linkage was to hsp70,
which is located on 14g22-24 (3 is region has been shown
to be amplified in a restricted group of human breast cancers

v‘}.and to be deieted in ductal carcinoma in situ of the breast

2) by comparative genomic hybridization, thereby supporting
the suggestion that the inappropriate regutation of this locus
may be a factor in the etiology of breast cancer. Both the RNA
expression profile during mammary development and the tis-
sue distribution of p190-B suggest that p180-B may be re-
quired for ductal morphogenesis during virgin mammary gland
development and that its aberrant expression may occur in
aggressive tumors. The hypothesis that p190-B facilitates cell
invasion by orchestrating the ECM-mediated integrin signals
through Rho proteins, remains to be tested using stably trans-
fected MCF-10A cells, with which it may be possibie to study
gain-of-function and loss-of-function mutants, and in vivo by
generating a mammary gland-specific knockout of this gene.

Materials and Methods
Animals. Wistar Furth rats with an inbred genetic background were
obtained from Harlan Sprague Dawiley Inc. All of the animals were main-
tained and killed according to tACUC-approved guidelines.
Tumor Tissues. Dr. Daniel Medina (Baylor College of Medicine, Houston,
TX) provided the NMU-induced rat and mouse TM tumors.

Probes. A full-length p190-B cDNA construct was a generous gift of

riﬁ.or. Peter Burbelo (Laboratory of Developmental Biology, National Institute

of Dental Research). Dr. Jeffrey Settieman, Laboratory of Signal Trans-
duction (Massachusetts Generai Hospital Cancer Center, Chartestown,
MA) kindly provided the p130-A cONA.

Antibodies. Mouse monoclonal antibody (clone 12CAS5) for HA
epitope tag was purchased from Boehringer Mannheim. FITC- phalioidin
(Sigma) was a gift from Dr. 8ill Brinkley.

midline incision, the skin was separated from the peritoneum, and the
mammary gland was exposed. To visualize the mammary ductal structure.
the top portion of the fourth nipple was removed, and the visualization dye
{0.5% trypan blue w/v in PBS) was injected using a 26-G needle. After
complete nfiltration of the dye throughout the ductal tree, the three
fractions were easily identified and surgically isolated (see Fig. 1. The
tissue sections were snap-frozen in liquid nitrogen and transferred to
-80°C for storage until used for isofation of RNA.

Isolation and Identification of DD-PCR Clones. RT-PCR and PCR
reactions were performed with the materials provided and the protocols
recommended for use of the RNAimage kit (GenHunter Carp. Brooklyn,
MA). Total RNA was prepared from each tissue region using 4-u gua-
nidium isothiocyanate and CsCl buoyant-density centrifugation :33). For
each sample, two sets of three RT reactions were prepared as ner a
previously described procedure (18). The RT samples were then a4
by low-stringency PCR in the presence of 20 pmoal of a-*5S-labele: @
(1200 Ci/mmol), the T-specific primer used in the RT reaction ir -
nation with various random 11mers supplied with the kit, and - '
Ampli Tag polymerase (Perkin-Eimer Applied Biosystems).

To identify the differentially expressed genes, DD-PCR produ
the three starting RNA populations (TEB, M, and S) were run
denaturing polyacrylamide gel, transferred to 3-mm ‘“hatmar
dried, and exposed to X-ray film (Eastman Kodak). To confirm t- 3
ducibility of the banding pattemn, each representative RT reaz:2  was
performed from two independent pools of RNA for each of ‘re 'nree
regions (TEB, M, and S regions). Bands that were more intense in the TEB
fraction were excised from the gel and reampiified. The PCR reaction was
similar to the previous reaction except with 20 um dNTP and no labeled
nuclectide. The PCR products so generated were nitially cloned into
PCR-TRAP vector and then subcloned into Hindlll site of pBluescript !l
(Stratagene).

Sequencing and Identification of DD-PCR Products, T-= - -
cloned DD-PCR products, termed EDD clones were sequer:..
standard dideoxy chain termination methods. Both of the strz:
sequenced using T7 and T3 primers. BLAST search combined w-:
masker was used to compare the clone sequences with GenBan:

Preparation and Analysis of Total RNA. The fourth inguinz’ 1=
mary glands from virgin, pregnant, and lactating rats were dissected unicer
anesthesia using standard surgical procedures. Tissue was snap-frozen in
liquid nitrogen and stored at —-80°C. Total cellular RNA was prepared
using 4 m guanidium isothiocyanate and CsCl buoyant-density centrifu-
gation (33). RNA was fractionated on a 1.2% formaidehyde agarose gel
and transferred to Hybond N+ (Amersham) membrane with 10x SSC.
Hybridization was performed in Hybaid oven at 65°C using procedures
recommended by Amersham. The filters were quantitated for 16-48 h
using the Phosphorimager (Molecular Dynamics). The data were normal-
ized to the 285 rRNA signal.

Screening of High-Density Blots by Reverse Northemn. First strand
32p_cDNA was synthesized from 5-6 ug of total RNA from EB, M, and S
fractions of the virgin mammary gland using superscript It RT (Life Tech-
nologies, Inc.) in the presence of 1 ug of oligo(dT)s;.saMer primers as per
manufacturer's instructions. The cONA was hydrolyzed by NaOH treat-
ment and neutralized with HC! treatment. The labeled cDNA was then
purified through a sephadex G50 column. The efficiency of the reaction
was monitored by determining the total radioactivity incorporated before
and after purification of the probe.

A total of eight DD-PCR clones and three control plasmids (K18,
RPL19, and GAPDH) were subjected to PCR ampiification. After amplifi-
cation, a fixed amount of each of the PCR products was loaded onto
high-density geis in triplicate {Centipede gel electrophorasis chambers;
Owl Scientific, Wobum, MA). PCR products were alkali-denatured in the
gel and blotted onto nylon membranes. The filters were hybridized with
equivalent amounts of 32P-labeled single~stranded cONA (specific activ-
ity, 1 x 10° cpm/ng) from TEB, M, and S regions of the virgin mammary
gland. The filters were washed under stringent conditions as per the

20
2p1908 gel's laboratory, at Baylor College of Mediciney, Hous L, T 77030 o8 hisleci
T RMNeo Mammary Gland Tissue Isolation by Dye Visualization. TEBsandM augl cellun!
T and S tissue were isolated from the fourth inguinal mammary glands of (35 15,3,‘ )
Y nulliparous 42-45-day-old rats in the following manner. After making a

[

Church and Giibert method (34) and quantitated using the phosphorﬁ- I
b
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mager. In addition, the filters were exposed to high-resolution Kodak
Biomax MR films for up to 24 h at -80° C.

in Situ Hybridization. Riboprobes were 'abeled with [P*PJUTP (2500
Cy/mmol; Amersham). using the appropriate T3 or T7 transcription sys-
tems from Stratagene. To generate the riboprobe templates, the cDNA
was hneanzed with a restriction enzyme so as to make an antisense
transcnpt that onginates from the more divergent 3° end of the cDNA, thus
making it more specific for p190-B. **P-riboprobes were used because,
uniike 3°S, 3P gives 'ess background. and very high specific-activity
probes can be generated for the detection of rare transcnpts. The °P-
rboprobe was purified on a sephadex G50 column and counted in a
scintillation counter.

Pretreatment of Slides and Hybridization. The fourth inguinal mam-
mary glands from virgin Wistar Furth rats were excised and immediately
fixed for 3 h in ice-cold 4% paraformaldehyde in PBS, dehydrated in a
graded series of ethanols to xylene, and embedded in paraffin wax.
Secttons of 4-5 um were mounted on ProbeOn Plus slides (Fisher Bio-
tech). Sections were baked overnight at 37°C, dewaxed through xylene,
and rehydrated through a graded series of ethanols to PBS. After diges-
tion with proteinase K (20 ug/mi; Sigma) at 50°C for 5 min, the sections
were refixed in 4% paraformaldehyde/PBS for 5 min. The sections were
then acetylated in 100 mm triethanolamine and 25 mm acetic anhydride
and was dehydrated through ethanols. Sections were prehybridized in 2 x
SSC. 50% formamide, 10% dextran sulfate, 1% SDS, and 500 ng/mi
denatured herring sperm DNA at 37°C in a sealed humidified chamber.
33p-labeled riboprobe (1 x 10° cpm/ul) was diluted into 25 ul of hybrid-
ization solution. which was then added to the solution already covering the
section. The sections were hybridized overnight at 42°C in a sealed
humidified chamber. The sections were subsequently washed in 2x SSC
at 55°C with the last wash in 0.1x SSC at 55°C.

Detection of the Radioactive Signal. The sections were dehydrated
in a graded series of ethanol/water containing 0.3 M sodium acetate. The
sections were air-dried and coated with NTB2 nuclear emulsion (Eastman
Kodak Co, NY) and exposed in light-proof slide boxes for 48-72 h. After
development (as per Kodak instructions), the sections were stained with
either hematoxylin or DAP| and visualized using dark-field microscopy in
combination with bright-field or fluorescence microscopy.

Construction of p190-B Expression Vector. The exprassion piasmid
was generated from an E3 plasmict* provided by Dr. Pster Burbeio (Labora-
tory of Developmental Biology, NiIDR), which contains the complete coding
sequence of p190-8 with flanking 5’ and 3’ untranslated sequences. A 1.2-kb
Kpnl-EcoRV fragment from the 5 end was tagged at the NH, terminus with
an HA sequence (nine amino acids; YPYDVPDYA, Ref. 35) by PCR using the
forward primer. 5 -CCGGTACCATGGGGTACCCATACGACGTCCCAGA-
CTACGCTGCAAAAAACAAAGAGCCTCGTCCCCCATCC (71men), and the
reverse primer: 5'-CTCGTGAAATCTTCGACTTTTTCAGATAGTCTTGGTA-
CATGTCGTAGACTATAGGCTCTTCTCCTC (66mer), with linearized E3 plas-
mid as the template. PCR was carried out as follows: denaturation at 95°C for
5 min, foltowed by 25 cycles of denaturation for 30 s at 95°C, annealing at
65°C for 3’ extension for 3 min at 72°C, after 10 min extension at 72°C. This
fragment was engineered to have a Kpni site at the 5' end and a consensus
Kozak sequence before the starting ATG. The generated fragment was
cloned inta Kpni-EcoRV site of PCR3.1 vector (Invitrogen). This vector was
further cut with EcoRV and Noti to accommodate a 3’ EcoRV-Notl fragment
from the E3 plasmid. A Kpni-Notl fragment from this second-generation
construct represents the complete coding region of p190-B and about 180bp
of 3’ untranslated region.

Cell Culture and Transfection. Human breast epithelial cells (MCF-
10A) were obtained from Barbara Ann Kammanos Cancer Institute (pas-
sage 149) and cultured in DMEM:F12 Media (1:1) supplemented with 5%
serum, insulin (10 wg/ml), epidermal growth factor (20ng/mi), cholera toxin
(100ng/ml), hydrocortisone (0.5 ug/ml), penicillin 100 units/mi, streptomy-
cin (100 ug/ml), and fungizone (0.5 ug/ml). Cells were split 1:3 to 1:4 and
passaged every 3-4 days. MCF-10A cells (2 x 10% were seeded onto
coverslips 24 h before transient transfection and transfected with aither 2
ug of p190-8 expression plasmid or the contgel 'vector using adenovirus-
DNA-lysine cocktail in serum-free media (32). To normalize for transfec-
tion efficiency, 400 ng of cytornegalovirus 3-galactosidase was cotrans-

4 P. Burbelo, unpublished data.

fected as a tracer. Twelve h after transfection, the cells were switched to
complete media for another 2436 h. The cells were fixed and stained for
simultanecus detection of p190-B and the actin cytoskeleton, as de-
scribed previously (36). The anti-HA antibody was used at a dilution. of
1:300, whereas FITC-phalloidin was used at a dilution of 1:1000. Goat
antimouse IgG (Santa Cruz Biotechnology) conjugated with Texas Red
was used as the secondary antibody against HA-antibody. The cells were
analyzed by indirect immunofluorescence, and images were cotiected at
5-um steps using a DeltaVision deconvolution microscope from ‘Applied
Precision. Inc. (issaguah, WA). Thirty of such 5-um images were rendered
to make a projection using the softWoRx imaging workstation faiso from
Applied Precision, Inc.).
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